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Abstract 

The wide distribution of Agave lechuguilla Torrey has drawn attention to the 

mechanisms that enable its survival in the Chihuahuan Desert. This success could 

be attributed to the association of lechuguilla with plant-growth promoting 

rhizobacteria (PGPR) that, through diverse mechanisms, increase nutrient 

availability, improve the tolerance of plants to stressful conditions, aid in the control 

of pathogen microorganisms, and produce phytohormones, overall favoring plant 

growth. This work encompasses several factors that may influence the complex 

interaction plant-soil-bacteria and the possible ways that direct the recruitment of the 

rhizobacterial community of lechuguilla. 

In the first chapter, we explored the effect of contrasting soil properties from the 

Central and Meseta subregions from the Chihuahuan Desert, over the bacterial 

diversity associated to the rhizosphere of young and mature plants of A. lechuguilla 

T. It was found that the soil properties related to nutrient availability were associated 

with the composition, enzymatic activity, and abundance of the bacterial 

communities, however as we consider later, these properties may also be the 

consequence of the presence of the plants and the bacterial activity. 

For the second chapter its was addressed the function of the present amino acids in 

the exudates from the roots of lechuguilla over the abundance and enzymatic activity 

of PGPR. In addition, the variations in the functional diversity of the rhizobacterial 

communities from young and mature lechuguilla plants were explored. It was found 

that mature lechuguillas, above young plants or bulk soil, stimulated functions related 

to biological control of pathogens, phytohormones production, tolerance against 

abiotic stress, and improvement of the nutrient availability especially by the action of 

nitrogen-fixing bacteria (NFB) and organic phosphorus mineralizing bacteria 

(OPMB). Furthermore, the enhanced enzymatic activity and abundance of NFB and 

OPMB reached the highest values in the rhizosphere of mature lechuguillas. 

Probably, due to the release of arginine and methionine, which are energy reserves 

and contribute with essential elements for the biosynthesis of the proteins, whether 

they are incorporated directly or after mineralization. 



xviii 

 

Finally, in the third chapter, the variations in the abundance and enzymatic activity 

of PGPR in soil samples as response to different amino acids, organic acids, and 

sugars identified in the rhizosphere of lechuguilla were studied. It was found that 

lechuguilla root exudates seemed to boost the priming effect of NFB and OPMB 

communities, that may lead to the accumulation of nutrients such as total organic 

carbon, ammonium, nitrite, and nitrate. This increase could explain, the well-off state 

of the rhizosphere and the tolerance of lechuguilla to the harsh conditions of the 

Chihuahuan Desert. 

This work suggests that the root exudates in A. lechuguilla T. can change according 

to the plant stage and, consequently, the recruitment of beneficial bacteria and their 

enzymatic activity. However, further research is needed, to understand the complex 

processes in the interaction plant-soil-bacteria under arid conditions. 

Keywords: Agave lechuguilla Torrey, rhizosphere, bacterial communities, plant-soil-

microorganism interactions, co-occurrence networks, root exudates, amino acids, 

nitrogen-fixing bacteria, organic phosphorus mineralizing bacteria, functional 

prediction. 
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Resumen 

La amplia distribución de Agave lechuguilla Torrey. ha llamado la atención sobre los 

mecanismos que permiten su sobrevivencia en el Desierto Chihuahuense. Este 

éxito puede estar relacionado con la asociación de lechuguilla con rizobacterias 

promotoras de crecimiento vegetal (RPCV) que, mediante diversos mecanismos, 

aumentan la disponibilidad de nutrientes, ayudan a la planta a tolerar el estrés 

abiótico, controlan microorganismos patógenos y producen hormonas vegetales 

que favorecen el crecimiento de la planta. Este trabajo engloba diferentes factores 

que pueden influir en la compleja interacción planta-suelo-bacterias, así como en 

los posibles métodos que dirigen el reclutamiento de la comunidad bacteriana en la 

rizósfera de lechuguilla. 

En el primer capítulo, se explora el efecto de las propiedades contrastantes del suelo 

en las subregiones Central y Meseta del Desierto Chihuahuense, sobre la diversidad 

bacteriana asociada a la rizósfera de plantas jóvenes y adultas de A. lechuguilla T. 

Se encontró que las propiedades del suelo relacionadas con la disponibilidad de 

nutrientes estuvieron asociadas con la composición, actividad enzimática y 

abundancia de las comunidades bacterianas, y a su vez, dichas propiedades 

pueden ser la consecuencia de la presencia de las plantas de agave y la actividad 

bacteriana. 

El segundo capítulo se aborda el papel de los aminoácidos presentes en los 

exudados de la raíz de lechuguilla sobre la abundancia y actividad enzimática de 

las RPCV. Además, exploramos las variaciones en la diversidad funcional de las 

comunidades de rizobacterias de plantas jóvenes y adultas de lechuguilla. 

Encontramos que las plantas adultas de lechuguilla, más que las jóvenes o el suelo 

libre de raíces, estimularon la presencia de funciones relacionadas con el control 

biológico de patógenos, producción de hormonas vegetales, tolerancia contra estrés 

abiótico y el aumento de la disponibilidad de nutrientes, especialmente por medio 

de la actividad de bacterias fijadoras de nitrógeno (BFN) y mineralizadoras de 

fósforo orgánico (BMFO). Adicionalmente, el aumento de la actividad enzimática y 

la abundancia de BFN y BMFO, alcanzaron los valores más altos en la rizósfera de 
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lechuguillas adultas. Probablemente debido a la liberación de arginina y metionina, 

los cuales son reservas de energía y contribuyen con elementos esenciales para la 

biosíntesis de proteínas, ya sea que se utilicen directamente o después de su 

mineralización. 

Finalmente, en el tercer capítulo, se estudiaron las variaciones en la abundancia y 

actividad enzimática de las RPCV en muestras de suelo, como respuesta a 

diferentes aminoácidos, ácidos orgánicos y azúcares identificados en la rizósfera de 

lechuguilla. Al respecto, se encontró que los exudados de la raíz de lechuguilla 

parecen estimular el efecto de imprimación de las comunidades de BFN y BMFO, 

que conducen a la acumulación de nutrientes tales como el carbono orgánico total, 

amonio, nitrito y nitrato. Este incremento podría explicar, hasta cierto punto, la mayor 

fertilidad de la rizósfera, así como la tolerancia de lechuguilla a las condiciones más 

agrestes del Desierto Chihuahuense. 

Con este trabajo se sugiere que la etapa de crecimiento influye en la composición 

de los exudados de la raíz de A. lechuguilla T. y, por consiguiente, en el 

reclutamiento de bacterias benéficas en la rizósfera, así como de su actividad 

enzimática. Sin embargo, más estudios son necesarios para entender el complejo 

proceso de interacción entre planta-bacterias bajo condiciones áridas. 

Palabras clave: Agave lechuguilla Torrey, rizósfera, interacción planta-suelo-

microorganismo, redes de co-ocurrencia, exudados de la raíz, aminoácidos, 

bacterias fijadoras de nitrógeno, bacterias mineralizadoras de fósforo orgánico, 

predicción funcional. 
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General introduction 

The soil microbiome can establish close communication with plants, so these 

organisms are of particular interest among other microbial communities (Lau and 

Lennon 2011). Either as pathogens or growth-promoters (Scheuring and Yu 2012; 

Dutta and Podile 2017), the relationship between plant-microorganisms is not totally 

random but the consequence of a lengthy selection process sheltered in the soil. 

The relationship between plants and microorganisms may have originated even from 

the evolution of the first terrestrial plants, which supposedly were able to leave the 

aquatic ecosystems with the aid of arbuscular mycorrhizal fungi (Vandenkoornhuyse 

et al. 2015). Said interactions between plant and microorganisms are known as 

holobiont, a unit with interdependent and complex dynamics (Vandenkoornhuyse et 

al. 2015), that begin their assemble in the first stages of the plant as a seedling and 

change as the microorganisms settle in different plant compartments (Fonseca-

García et al. 2018). The soil composition is of great importance as most of these 

interactions occur in this media, and it is both, the primary source of microbial 

diversity or the buffer that regulates the availability of nutrients and the 

communication between the symbionts through metabolites (de Souza et al. 2016; 

Sánchez-Canizares et al. 2017). Thus, soil physicochemical properties like the 

parent material, pH, organic matter concentration, and soil moisture had been 

reported as factors that shape the bacterial community (Bulgarelli et al. 2012; Qiao 

et al. 2017). 

In the soil occurs one of the most important interactions between plants and 

microorganisms. The rhizosphere is the space created by the roots deposition of 

metabolites released in the soil (Hartmann et al. 2008). Several of these plant 

exudates have been analyzed and amid the most common and abundant 

compounds are organic acids (acetic, citric, malic, and oxalic), sugars (glucose, 

maltose, and xylose), and amino acids (alanine, glycine, tryptophan, and proline) 

(Eilers et al. 2010; Badri et al. 2013; Anandyawati et al. 2017). 

It has been shown that through root exudates, the plants can favor the selection of 

specific microbiomes, such as the phyla Acidobacteria, Actinobacteria, 
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Bacteroidetes, Firmicutes, and Proteobacteria, which had been reported as the most 

common and abundant in the rhizosphere (Schreiter et al. 2014); and include 

bacteria that promote plant growth through phytohormone production, enhancing 

nutrient availability, protecting the plants against pathogens, or reducing the effects 

produced by abiotic stress (Kinkel et al. 2011; Bakker et al. 2013). 

Therefore, microorganisms fulfill essential functions for plant growth, especially in 

environments with high temperatures, low water availability, and oligotrophic 

conditions such as arid lands (Perry and Goodall 1979). Nonetheless, it is 

considered that these conditions may influence, for example, the nutrition 

mechanisms of the organisms or tolerance to abiotic stress and, as such, arid lands 

can sustain a great diversity (López-Lozano et al. 2013). In these ecosystems, plants 

with photosynthesis C3 or C4 may find their adaptation difficult, while those with 

crassulacean acid metabolism (CAM) like agaves have shown mechanisms that aids 

in the tolerance to extreme conditions (Stewart 2015). For example, its metabolism 

permits the CO2 uptake and accumulation of organic acids at night, while the Calvin 

cycle and sugar synthesis are performed in the daylight with closed stomata, which 

diminishes the loss of water by transpiration (Matiz et al. 2013). Other features that 

aid in the conservation of water are the internal water storage in the leaves, 

osmoregulation with fructans, thick cuticles, and even the smaller size and number 

of stomata (Matiz et al. 2013). 

Even with this, the association between plant and microorganism may favor the 

tolerance of plant species in demanding ecosystems, where its growth would 

otherwise be limited (Soussi et al. 2016). Consequently, the study of microorganisms 

from arid lands takes relevance in a scenario where desertification and alteration of 

the rainy season are increasingly common (Reynolds et al. 2005). The limited 

availability of water and the process of desertification suffered by the ecosystems 

urges us to search for biotechnological alternatives to maintain food production and 

to promote conservation or reforestation of degraded lands. However, this use 

requires studies that help us understand how factors influence microbiome 

assemblage, especially the communities with plant growth-promoting mechanisms. 
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This project proposed to assess the influence of abiotic and biotic conditions on the 

composition and activity of the bacterial community associated with the rhizosphere 

of A. lechuguilla T. to understand its dynamics and the role of the factors in the 

environmental filtering of the microbiota. Biotic conditions include the root exudates, 

which may be influenced along the growth of the plants. In addition, to explore the 

behavior of plant growth-promoting bacteria and the effect of the metabolites 

contained in the root exudates, we analyzed nitrogen-fixing bacteria and organic 

phosphorus mineralizing bacteria associated with the rhizosphere of lechuguilla. To 

cover all the objectives, this work was divided into three chapters, which respond to 

different complementary questions: I) At a regional level, which soil properties, and 

how, influence the rhizobacterial communities associated to A. lechuguilla T. at 

different growth stages? II) What is the role of the amino acids from lechuguilla root 

exudates over the selection of the bacterial community? and III) At an experimental 

level, which variations promote the presence of the root exudates from A. lechuguilla, 

over plant-growth promoting rhizobacteria? Each question is addressed at depth in 

its respective chapter. 
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Chapter 1. The nutrient-improvement bacteria selected by Agave 

lechuguilla Torr. and their role in the rhizosphere community 

 1.1  Introduction 

Drylands are widely spread ecosystems covering about 45% of the surface of the 

earth (Prăvălie 2016). Besides the low water availability and high evapotranspiration 

rate, arid soils yield a low biomass production which is highly related to nitrogen (N) 

and phosphorus (P) (Pointing and Belnap 2012). With the scant deposition of organic 

matter in the arid soils (Augusto et al. 2017), the primary source of this nutrient 

depends on nitrogen-fixing bacteria (NFB) such as the genera Bryobacter 

(Acidobacteria), Succinispira (Firmicutes), Burkholderia, Microvirga, and Rhizobium 

(Proteobacteria) (Karp et al. 2019). Phosphorus availability, in turn, depends directly 

on the soil parent material, weathering process, and, once it is incorporated into the 

biomass, the recycling of the organic matter (Crain et al. 2018). This way, organic 

phosphorus mineralizing bacteria (OPMB), through the action of phosphatases, are 

essential for phosphorus availability in soils (Turrion et al. 2010). Bacteria from the 

phyla Actinobacteria, Cyanobacteria, Deinococcus-Thermus, and Proteobacteria 

had been recorded as producers of these enzymes (Ragot, Kertsez and Bünemann 

2015). Together NFB and OPMB increase the availability of N and P, the most 

essential nutrients for plant development, and thus, may help to ameliorate the 

abiotic stress and even increase the resistance against pathogens (Wang et al. 

2019), which is the reason why these nutrient-improvement bacteria are some of the 

most crucial plant growth-promoting rhizobacteria (PGPR) in drylands (Rashid et al. 

2016). Among the biotic factors that affect PGPR, root exudates have an essential 

role in microbiome selection and enzymatic activity. These compounds include a mix 

of sugars, organic acids, amino acids, phenolic compounds, and secondary 

____________________________________________ 

A modified version of this chapter was published as: 

Medina-de la Rosa, G., García-Oliva, F., Alpuche-Solís, Á.G., Ovando-Vázquez, C., and López-

Lozano, N.E. (2021) The nutrient-improvement bacteria selected by A. lechuguilla T. and 

their role in the rhizosphere community. FEMS Microbiol Ecol 97: 1–14. 

https://doi.org/10.1093/femsec/fiab137 
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metabolites (Naylor and Coleman-Derr 2018), which fluctuate depending on abiotic 

conditions and plant genotype compartment, and growth stage (Coleman-Derr et al. 

2016). For example, mature plants of carrots, cabbage, and potatoes that do not 

require as many nutrients as younger plants (Hennion et al. 2019) produce root 

exudates with a higher carbon concentration that favor a microbiome with potential 

for nitrogen fixation, biological control, and metal detoxifiers (Dechassa and Schenk 

2004). This change has also been studied in the dominant bacteria in the 

rhizosphere of leguminous shrubs, where Proteobacteria is replaced by beneficial 

taxa from the phyla Acidobacteria, Bacteroidetes, Chloroflexi and Firmicutes in the 

mature stages of the plant (Na et al. 2018). Nonetheless, this behavior has yet to be 

explored on plants from natural ecosystems and not only for economic interest. 

Ecological interactions such as competition, depredation, mutualism, etcetera that 

occur within microbial communities can be represented as networks based on 

correlations between the relative abundance of the community members. These 

networks help us to explore microbe-microbe interactions with greater precision (Shi 

et al. 2016), as well as to identify the taxa with more connections (hubs or keystone 

genera) that maintain the network structure, and also the factors involved in its 

delineation like edaphic conditions and plant-microbe interactions (Kinkel, Bakker 

and Schlatter 2011). In this regard, beneficial bacteria in the rhizosphere could aid 

in plant development even under stressful conditions from arid lands (Barton and 

Northup 2011). Furthermore, studying these ecosystems could lead us to understand 

how organisms are adapted to live in those harsh conditions and the complexity of 

the ecological processes behind their functioning. 

The Chihuahuan desert is the largest dryland in Mexico and is the second in 

worldwide biodiversity (Granados-Sánchez et al. 2011). Among its subregions, 

Central and Meseta have contrasting characteristics, such as lower water availability 

in the former, which increases the accumulation of sodium in the soil. Regardless, 

both subregions are relevant conservation sites due to the diversity of organisms 

and the high number of endemism registered (Villarreal-Quintanilla et al. 2017). A. 

lechuguilla T. has considerable ecological and biotechnological importance (Castillo-
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Quiroz, Cano-Pineda and Berlanga-Reyes 2012) and is one of the most common 

shrubs inside the Chihuahuan desert, where covers a surface of around 20 million 

ha of poorly developed and limestone-derived soils (García-Arévalo 2002). The wide 

distribution of A. lechuguilla T. is associated with its crassulacean acid metabolism, 

genetic variability, and its participation in soil formation (Narcia et al. 2012). However, 

it has been hypothesized that plant-microbiome interactions may also have a critical 

role in lechuguilla tolerance to arid conditions. In a previous study, López-Lozano et 

al. (2020) reported that lechuguillas from Cuatro Ciénegas Valley in Central 

Chihuahuan Desert recruit specific rhizosphere microbes such as the nutrient-

improvement bacteria Bradyrhizobia, Microvirga, Rhizobia, order 

Sphingomonadales (Proteobacteria), family Gaiellaoceae and, Microlunatus 

(Actinobacteria), with functional traits that increase nutrient availability, especially 

nitrogen and phosphorus. Besides, seasonality and soil properties such as pH, 

electrical conductivity, and the C:N ratio were the main factors influencing the 

bacterial community structure in the rhizosphere of lechuguilla (López-Lozano et al. 

2020). This study highlights the association of nutrient-enhancing bacteria and their 

host under oligotrophic conditions. However, whether the stage of the plant 

development may affect rhizosphere communities and how their interactions change 

in different soils and climatic conditions is yet to be answered. 

To understand the complex interaction soil-plant-microbiome, we investigated the 

bacterial community of A. lechuguilla T. at different growth stages in two contrasting 

subregions from the Chihuahuan Desert. In this regard, we hypothesized that mature 

plants will select and enhance the enzymatic activity and abundance of nutrient 

improvement bacteria and that these groups will be of great importance in the 

microbial interaction networks within the rhizosphere. The specific objectives were: 

1) Determine the abiotic factors (physicochemical soil properties) influencing the 

bacterial community composition of A. lechuguilla T. from two subregions of the 

Chihuahuan Desert, 2) Identify whether the bacterial community of young and 

mature plants of A. lechuguilla, as well as bulk soil, has a different composition by 

sequencing the 16S rRNA gene, 3) Study the networks of these bacterial 
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communities, in order to identify the keystone genera in the rhizosphere of young 

and mature lechuguilla, and bulk soil communities and 4) finally, as nutrient 

availability is essential in these environments, we determined the effect of the plant 

stage of lechuguilla and which soil properties influence the enzymatic activity and 

abundance of NFB and OPMB, quantifying the nitrogenase and alkaline 

phosphomonoesterase activities, as well as the copy numbers of their respective 

genes (nifH or phoD), with real-time polymerase chain reaction (qPCR). 
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 1.2  Methods 

 1.2.1  Site description and sampling collection 

Sampling was made at the end of the dry season in 2018 in two subregions of the 

Chihuahuan Desert. The Central subregion is located at an altitude between 700 to 

1,400 m, has a predominant hot desert climate (Bwh), annual precipitation of 313 

mm, and temperatures ranging from 10.1°C to 28.7°C. Meseta subregion has an 

altitude of 1,500 to 2,100 m. This land has a hot semi-arid climate (Bsh), annual 

precipitation of 667 mm, and temperatures between 10.5°C to 24.6°C. Both 

subregions have calcaric soils; however, in the Central subregion are lithosols, while 

in the Meseta are gypsic xerosols and lithosols. 

Two sampling sites were selected for each subregion: Tres Coronas (26°36’35.92”N, 

103°56’46.53”W) and Álamos (26°38’29.07”N, 104° 3’20.95”W) in Central subregion, 

and Charco Blanco (22°38’26.80”N, 100°30’39.25”O) and Los Amoles (22°44’8.53”N, 

100°29’46.56”W) in the Meseta subregion (Figure 1.2.1). 

 

Figure 1.2.1.Sampling sites inside the Chihuahuan Desert. Each subregion had two experimental 
units: Álamos (26°38’29.07”N, 104°3’20.95”W) and Tres Coronas (26°36’35.92”N, 103°56’46.53”W) 
for Central; Amoles (22°44’8.53”N, 100°29’46.56”W) and Charco Blanco (22°38’26.80”N, 
100°30’39.25”O) for Meseta (Map from Google Earth). 

The sampling was made in “lechuguillales”, large and almost pure patches of 

lechuguilla, which are characteristic of the agave species, to avoid the influence of 

other plants (Granados-Sánchez et al. 2011). We delimited 20 m2 within these 
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patches, and four mature and four young specimens of A. lechuguilla T. were chosen. 

Mature agaves were near reproductive maturity, with at least 40 leaves (Freeman 

and Reid 1985) but without inflorescence. Young plants were those still joined to the 

mature specimen by the rhizome and with about 20 leaves. There had to be at least 

2 m between them to avoid sampling the same specimen (Trame, Coddington and 

Paige 1995). As the rhizosphere is challenging to delimit (Philippot et al. 2013), we 

considered the soil attached to the roots for molecular analyses. To complete the 

amount of soil required for enzymatic activity and physicochemical analysis, we also 

used the soil surrounding the roots without exceeding the leaves’ circumference 

span. We collected in situ rhizosphere samples of each plant in four equidistant 

points around the root system within the first 10 cm below the surface. These 

samples were mixed and homogenized to form one sample. We collected bulk soil 

samples from four patches of soil with no plants or roots at the same depth. Samples 

were taken with a sterile spatula to avoid contamination. About 1 kg of soil was kept 

at 4°C in dark plastic bags for enzymatic activity and soil properties analysis, while 

2 g were kept in Eppendorf tubes at -80°C for molecular procedures. 

 1.2.2   Determination of physicochemical soil properties 

The percentage of soil moisture (SM) was quantified according to constant weight 

using the gravimetric method. The soil was oven-dried at 60°C and sieved (2mm). 

The method of Bouyoucos was applied to determine texture. Electric conductivity 

and pH were obtained through the electrometric method with deionized water (1:2 

ratio). Total organic carbon (TOC) and nitrogen (TN) were determined with Schubert 

& Nielsen method in a combustion elemental analyzer COSTECH (ECS4010) 

(Schubert and Nielsen 2000). Extractable phosphorus, nitrite + nitrate (NO2+NO3), 

and ammonium (NH4) concentrations were determined according to Bray-Kurtz 

(Bray and Kurtz 1945), vanadium reduction (García-Robledo, Corzo and 

Papaspyrou 2014), and a variation to the Berthelot method (Nelson 1983), 

respectively. Lastly, the extraction of micronutrients iron (Fe), magnesium (Mn), zinc 

(Zn), and copper (Cu); and exchangeable cations calcium (Ca2+), magnesium (Mg2+), 

sodium (Na+), and potassium (K+), was made with diethylene triamine penta‐acetic 
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acid and ammonium acetate, respectively (Lindsay and Norvell 1978). Quantification 

of these elements was performed by Laboratorio Nacional de Biotecnología Agrícola, 

Médica y Ambiental (LANBAMA-IPICyT), with inductively coupled plasma atomic 

emission spectroscopy (ICP-OES). 

 1.2.3  DNA extraction, 16S rRNA gene sequencing, and sequence 

analysis 

Genomic material was extracted from 250 mg of soil using Quick-DNA Fecal/Soil 

Microbe Miniprep kit® from Zymo Research (D6010) and quantified by NanoDrop 

2000 (Table 0-1 and 0-2). Bacterial community composition was determined by 16S 

rRNA gene sequencing, which was performed by Laboratorio Nacional de Genómica 

para la Biodiversidad (LANGEBIO), on the Illumina MiSeq platform (2x300), with 

primers 357F-5’CTCCTACGGGAGGCAGCAG-3’ (Turner et al. 1999) and CDR-5’-

CTTGTGCGGGCCCCCGTCAATTC-3’ (Rudi et al. 1997), for V3-V5 regions. 

Reagent-only and mock community samples (ZymoBIOMICS™ Microbial 

Community Standard II, Log Distribution) were included for quality control. We 

confirmed with the mock community that taxa abundance and identification accuracy 

were acceptable above 0.01% of relative abundance. The bacterial composition of 

the reagent-only sample was statistically different from the soils, with a high 

percentage of phyla Cyanobacteria (2.25%) and Firmicutes (10.99%), whereas, in 

contrast, soil samples were around 0.15% and 4.57%, respectively. Besides, the 

number of reads was lower than that obtained for the samples (Table 0-1 and 0-2), 

and the similarity with the samples was tested with a non-metric multidimensional 

scaling (NMDS), where we can observe a clear separation between the blank and 

soil samples (Figure 1.2.2). Hence, we consider that the contamination during the 

handling of the samples and their processing was negligible. 

The sequences analysis was performed with Mothur (V. 1.35.1) (Schloss et al. 2009). 

Firstly, the reads were filtered according to several parameters, I. e. Quality (Q-value 

≥ 25), number of homopolymers (<8), and the ambiguities were omitted. Chimeric 

sequences were identified and excluded with the UCHIME algorithm. After that, 

sequences were aligned with the database SILVA 16S rRNA gene (V. 132), using the 
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Nearest alignment space termination algorithm (NAST), and trimmed to ensure 

optimal alignment. No redundant sequences were obtained, and a distance matrix 

was computed for operational taxonomic unit (OTU) assignation (97% similarity). 

Finally, taxonomic categorization was made with Mothur Bayesian classifier and 

SILVA database (https://www.arb-silva.de/). Alpha diversity indexes Chao 1, 

Shannon, and Simpson, were calculated and rarefaction curves were obtained to 

assess the species accumulation at the same sampling effort.  

The reads obtained from Illumina sequencing are in the GenBank Sequence Read 

Archive under the Bioproject accession PRJNA672793. 

 

Figure 1.2.2. NMDS of bacterial communities in soil samples against blank. Sample ID provides 
information about locations (AL-Los Álamos, TC-Tres Coronas, CB-Charco Blanco, AM-Amoles), type 
(MP- Mature plant, YP-Young plant, and S- Bulk soil), and replicates (Stress=0.162). 

 1.2.4  Co-occurrence networks analysis 

Bacterial community networks were obtained in R (V. 4.0.2) with the package igraph 

(V. 1.2.4.2) (Csárdi and Nepusz 2006). Networks were constructed with Spearman 

correlations of genera above 0.01% of relative abundance (Shi et al. 2019) and False 

Discovery rate (FDR) correction (Benjamini and Hochberg 1995). The cutoff values 

https://www.arb-silva.de/
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were FDR<0.05 and ρ>0.7 (Garcia and Kao-Kniffin 2019). The networks were 

generated considering the correlations as the weights of the network. Modules were 

computed with the cluster walk-trap method, which finds the densely connected 

subgraphs within the network via random walks over the weighted edges (Hoffman 

et al. 2018). Hub score of nodes was calculated with the Kleinberg logarithm, based 

on the Eigen centrality value of the vectors, which is related to the number of 

connections of the nodes in the network, and thus, the nodes with high values are 

those with a high number of connections (Kleinberg 1999). Minimum spanning trees 

(MST) or forest for disconnected networks, were calculated with Prim’s algorithm for 

weighted graphs to identify their top nodes (Prim 1957). For MST, the distance 

between nodes was defined as the inverse of the weights (correlations). Topology 

network properties and centrality measures were determined for an undirected graph, 

such as diameter, mean distance, eigenvalue, betweenness, modularity, and degree. 

Scale-free distribution was tested to fit the degrees of the network to the power-law 

model (Judd, Small and Stemler 2013; Broido and Clauset 2019). Lastly, it was 

confirmed that empiric networks were different from random networks (n = 1,000). 

 1.2.5   NFB and OPMB abundance 

The abundance of NFB and OPMB on soil samples were quantified with real-time 

quantitative polymerase chain reaction (qPCR) in a PikoReal 96 Real-Time PCR 

System (TCR0096, Thermo Fisher Scientific Inc.). The reaction for nifH gene had a 

final volume of 10 μl: 5 μl SYBR Green 2X, 0.3 mM primer PolR (5’-

ATSGCCATCATYTCRCCGGA-3’) (Poly, Monrozier and Bally 2001), 0.15 mM 

FPGH19 (5’-TACGGCAARGGTGGNATHG-3’) (Simonet et al. 1991), and 1 μl DNA 

(1:20). Amplification conditions were: Initial denaturalization of 10 min at 95°C, 40 

cycles of denaturalization at 94°C, alignment at 57°C, and extension 72°, one minute 

each, with a final extension of 5 min at 72°C (Simonet et al. 1991). phoD gene 

reaction had a final volume of 20 μl: 10 μl SYBR Green 2X, 0.4 mM from each primer 

(F733 5’-TGGGAYGATCAYGARGT-3’ and R1083 5’-CTGSGCSAKSACRTTCCA-3’) 

and 1 μl DNA (1:10). Amplification was a three-step reaction: Initial denaturalization 

of 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, alignment at 58°C, and 
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extension of 72°C (one minute each), with a final extension of 5 min at 72°C (Ragot, 

Kertsez and Bünemann 2015). Both reactions included a final melting step from 

alignment temperature to 95°C. Standard curves were run alongside the samples 

using 100 to 108 copies of gene clones obtained with pGEM-T easy Vector system 

(PROMEGA) from Bacillus subtilis (phoD) and Geobacter sulfurreducens (nifH). The 

standard curve was optimized close to 100% efficiency. Inhibition in the qPCR 

reactions was tested by mixing serial dilutions of DNA extracted from the soil against 

a known standard DNA before qPCR. The Ct values of the standard DNA did not 

change in the diluted soil DNA, indicating the absence of severe inhibition. 

 1.2.6  Enzymatic activity 

Potential nitrogenase activity in soils was quantified with the acetylene reduction 

method (López-Lozano, Carcaño-Montiel, and Bashan 2016). Briefly, serologic 

flasks (14 ml) were filled with 6 g of soil and sealed with rubber stoppers and 

aluminum caps. About 20% of headspace air was replaced with acetylene. After 

seven days of incubation at 37°C, ethylene production was measured in 250 μl of 

headspace using gas chromatograph Agilent 6890 GC N.05.04 with a flame 

ionization detector, with air and hydrogen as carriers. A standard curve of ethylene 

(0.3-2.1 nmol) was run for quantification. The results are reported as nmol C2H4 kg-

1 day-1. 

Alkaline phosphomonoesterase (ALP) activity was determined with the modified 

colorimetric method developed by Tabatabai and Bremner (1969). About 0.5 g of soil 

was mixed with 2.375 ml Buffer Tris 0.5 M (pH 11) and 0.125 ml of pNPP (p-

Nitrophenol phosphate, Sigma-Aldrich P7998) as substrate. The mix was incubated 

for 30 min at 37°C (150 rpm). After that, 2 ml of NaOH 0.5 M and 0.5 ml of CaCl2 0.5 

M were added. Samples were centrifuged for 5 min at 2,500 rpm, and their 

absorbance was read at 405 nm. Blanks without pNPP were run alongside the 

samples. For the quantification, a standard curve with p-nitrophenol up to 180 μg ml-

1 pNP was made. The results are reported as μg pNP g-1 h-1. 
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 1.2.7  Statistical analysis 

All the analyses were performed with the software R (V. 4.0.2) (R Core Team 2020). 

Firstly, the difference in soil properties between subregions and sample type (bulk 

and rhizosphere from mature or young plants) was evaluated with a two-way 

analysis of variance (ANOVA), variances homogeneity of the residuals was verified. 

To visualize the difference between samples, a principal component analysis (PCA) 

was performed with the packages FactoMineR (V. 3.5.3) and Factoextra (V. 3.5.3) 

(See supplementary material d). Soil properties with correlation ρ >0.8 (Spearman) 

were omitted. The influence of soil properties over the composition of bacterial 

communities’ composition was identified with a non-metric multidimensional scaling 

(NMDS) and environmental fit (p<0.01), with the package vegan (V. 2.5-7), and 

differences in the bacteria community composition were tested by analysis of 

similarities (ANOSIM) (See supplementary material c). The heatmap of relative 

abundances was obtained from bacterial genera (>1%), and the samples were 

clustered according to Bray Curtis distance (pheatmap V. 3.5.3) (See supplementary 

material b). Differences in relative abundance between subregion and sample types 

were determined with the Kruskal test and Dunn post hoc. We used the sparse partial 

least square discriminant analysis (sPLS-DA), a supervised learning method (Paliy 

and Shankar 2016), to identify the characteristic taxa between sample types with the 

same taxa used for network construction (mixOmics V. 6.6.2.). To validate the model, 

we calculated the mean of the Receiver operating characteristic (ROC) and 

considered as an acceptable accuracy a value above 40% (Westerhuis et al. 2008) 

(See supplementary material h). 

For the results of enzymatic activity and abundance of NFB and OPMB, two-way 

ANOVA was performed to identify differences between subregions and sample type. 

Linear regression models with soil properties were obtained to determine their 

influence over the bacterial groups. The order of the variables in the model followed 

the mean decrease accuracy (%IncMSE), obtained from linear regression with the 

classification algorithm within the package randomForest (V. 4.6-14) (Table 0-3, 

Supplementary material e). Models were constructed with the backward stepwise 
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selection method. Finally, the correlation between abundance and enzymatic activity 

from NFB and OPMB against the relative abundance of bacterial genera was 

calculated (corrplot V. 0.84). Those correlations with ρ>0.4 (p<0.01) were kept, and 

the enzymatic activity or gene presence was verified in the literature. 
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 1.3  Results 

 1.3.1  The nutrient concentration in soils between the two subregions of 

the Chihuahuan Desert. 

The main difference between the Chihuahuan desert subregions was found in the 

nutrient availability, e.g., The Meseta subregion had a higher concentration of TOC, 

NH4, and NO2+NO3 than the Central subregion, which is reflected on a C:N ratio up 

to 45.7 ± 3.7 in the former, against 11.4 ± 0.8 in the latter (p<0.001) (Table 1.3-1). 

Besides, among exchangeable cations and micronutrients, Na concentration in the 

Central subregion (27.74 ± 1.16 g kg-1) was about threefold the concentration in 

Meseta (9.36 ± 0.20 g kg-1). Mg and Cu also had higher concentrations in the Central 

subregion, 0.15 ± 0.01 and 0.47 ± 0.02 g kg-1, respectively (p<0.001) (Table 1.3-1). 

Thus, the concentration of Na, NH4, Mn, TOC, and C:N ratio held the main variation 

between subregions and were relevant for sample differentiation in the PCA 

(Variance Dim 1 + Dim 2 = 60.90%) (Figure 1.3.1). 

The nutrient concentration was also higher in soils under the influence of plants, a 

pattern found in both subregions (Table 1.3-1). For example, in bulk soil from the 

Central subregion, TOC was about 1.78 ± 0.20%, while the rhizosphere from mature 

and young agaves had 2.94 ± 0.47% and 3.04 ± 0.51%, respectively (p < 0.05). 

Meanwhile, in the Meseta subregion, the bulk soil had 9.64 ± 0.45% TOC in contrast 

to the rhizosphere of mature (10.19 ± 0.45%) and young agaves (10.45 ± 0.44%) (p 

< 0.05). Besides, all nitrogen forms were higher in the rhizosphere of both stages of 

lechuguilla (Table 1.3-1). A PCA was performed for each subregion (Figure 1.3.1B–

C). We found that high concentration of Na for bulk soil samples and nutrients for 

both rhizospheres were the principal soil properties for clustering in the Central 

subregion (Variance Dim 1 + Dim 2 = 59.80%). In the Meseta, this pattern was similar, 

though the difference between young and mature rhizosphere samples was 

accentuated by dimension 2, with NH4, Zn, Mn, and Cu as the variables with more 

contribution to the model (Variance Dim 1 + Dim 2 = 63.70%). 
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Table 1.3-1. Physicochemical properties from bulk and rhizosphere from A. lechuguilla T., from Central and Meseta subregions of Chihuahuan Desert. 
Values depict mean and standard error (n=8). Two-way ANOVA was performed for subregion and sample type (bulk soil, mature or young plant) 
variables (*** p <0.001, ** p <0.01, * p <0.05). 

 Central Meseta Two-way ANOVA (F-value) 

Soil properties 
Mature 
plant 

Young 
plant 

Bulk Soil 
Mature 
plant 

Young 
plant 

Bulk Soil 
Sample 

type 
Subregion 

Sample type 
* Subregion 

% Total C 2.94±0.47 3.04±0.51 1.78±0.20 10.19±0.45 10.45±0.44 9.64±0.45 3.236* 449.212*** 0.265 

% Total N 0.32±0.02 0.26±0.03 0.21±0.03 0.37±0.04 0.35±0.04 0.23±0.03 7.668** 3.872 0.582 

C:N ratio 8.80±0.80 11.41±0.83 9.30±1.00 29.50±2.00 32.70±3.40 45.70±3.70 6.792** 193.208*** 7.410** 

mg NH4 kg-1 5.85±1.22 5.60±1.29 3.55±0.30 22.10±2.31 18.87±2.02 10.22±1.23 11.587*** 92.497*** 5.098* 

mg NO2+NO3 kg-1 9.95±1.98 12.00±3.33 9.02±0.84 86.54±11.77 72.86±7.01 42.37±656 6.68** 118.46*** 5.84** 

mg P kg-1 1.91±0.73 2.86±1.10 1.77±0.64 0.63±0.05 0.50±0.03 2.07±0.92 0.428 3.73 1.796 

g Ca kg-1 0.91±0.01 0.87±0.03 0.91±0.03 0.89±0.02 0.89±0.02 0.88±0.02 0.408 0.562 0.542 

g K kg-1 0.25±0.02 0.27±0.02 0.27±0.01 0.44±0.07 0.43±0.08 0.40±0.08 0.033 12.346** 0.156 

g Mg kg-1 0.15±0.01 0.14±0.01 0.12±0.01 0.10±0.01 0.11±0.01 0.09±0.01 3.309* 28.998*** 0.212 

g Na kg-1 24.41±1.29 24.93±1.22 27.74±1.16 9.36±0.20 8.95±0.16 9.36±0.68 2.144 487.492*** 1.767 

g Cu kg-1 0.41±0.03 0.39±0.03 0.47±0.02 0.39±0.02 0.31±0.02 0.27±0.03 1.774 23.064*** 6.560** 

g Fe kg-1 4.83±0.43 4.26±0.32 3.74±0.41 4.14±0.42 3.5±0.46 3.65±0.62 1.613 1.799 0.302 

g Mn kg-1 8.94±1.58 8.41±1.31 6.23±1.04 15.55±0.89 12.03±0.64 11.64±1.67 3.602* 26.367*** 0.734 

g Zn kg-1 0.45±0.13 0.40±0.14 0.31±0.12 1.06±0.17 0.64±0.07 0.61±0.15 2.64 12.091** 1.138 

dS m-1 0.20±0.02 0.17±0.02 0.12±0.01 0.26±0.02 0.24±0.01 0.19±0.01 8.672*** 20.925*** 0.016 

pH 8.4±0.1 8.4±0.10 8.6±0.1 8.0±0.2 8.1±0.2 8.2±0.2 1.338 14.00*** 0.052 

% Soil moisture 3.35±1.51 1.47±0.27 1.23±0.58 23.19±1.73 23.89±3.32 18.67±2.01 2.563 242.586*** 1.268 

% Sand 56.35±3.83 58.29±2.91 56.04±2.58 40.10±3.93 42.20±3.32 43.05±3.17 0.19 30.984*** 0.153 

% Clay 13.90±1.16 13.86±1.14 15.36±0.84 16.20±1.96 17.90±2.83 14.75±1.58 0.155 1.85 0.935 

% Silt 29.75±4.17 27.84±2.47 28.59±2.24 43.68±2.05 39.85±1.34 42.18±1.74 0.66 41.680*** 0.083 



20 

 

 

Figure 1.3.1. Principal Component Analysis (PCA) of physicochemical properties of A. lechuguilla T. 
rhizosphere. A) PCA shows division between Central and Meseta Subregions. With each subset, a 
new PCA was made, points in B and C represent bulk soil, mature and young plants. The size of the 
vectors is proportional to percentage of contribution in the two components (Contribution to each 
dimension is summarized in table). 

 1.3.2  Sodium, carbon, and nitrogen are the main drivers of the bacterial 

community composition 

Sequencing of 16S rRNA gene regions from V3 to V5 reported a mean of 113,844 

reads in the libraries of each sample, and due to a low number of reads (1,744), one 

bulk soil sample from the Central subregion was omitted (Table 0-1). However, the 

remaining seven samples were enough to perform the analysis. The mean Shannon 

index per sample was 5.17, and 0.02 for Simpson index (Table 0-1 and 0-2). There 

were no significant differences in the diversity indexes and estimators between the 

subregions or sample types. In addition, the rarefaction curves showed adequate 

coverage of the diversity (Figure 1.3.2). 
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Figure 1.3.2. Rarefaction curves of bacterial gene 16S rRNA by sampling site. Rarefaction curves of 
bacterial OTUs in the rhizosphere of A. lechuguilla T. and bulk soil from the Chihuahuan Desert. Data 
was obtained with a 97% threshold of similarity. 

 

Figure 1.3.3. Non-metric multidimensional scaling (NMDS) and environmental fit. NMDS was 
performed with the relative abundance of bacterial genera identified in soils from Chihuahuan Desert 
Central and Meseta subregions (Bray Curtis dissimilarity, Stress = 0.1561). Only significant 
physicochemical soil properties are displayed as vectors (p<0.01), arrow size is proportional to 
correlation with ordination axes. 
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In order to explore the composition of the bacterial communities and their similarities 

between samples, a non-metric multidimensional scaling (NMDS) with the 

environmental fit was performed (Figure 1.3.3). We could identify high similarity 

between bacterial communities from the same subregion (ANOSIM R=0.033, 

p<0.05); samples from Álamos and Tres Coronas were clustered and related to 

higher concentration of Na, Cu, Sand, and pH. In contrast, higher availability of 

nutrients such as NO2+NO3, NH4, and TOC was associated with the bacterial 

communities from Los Amoles and Charco Blanco in the Meseta subregion (Stress= 

0.1561, p<0.01). 

 

Figure 1.3.4. Bacterial community composition of soil samples from the Chihuahuan Desert. Heatmap 
based on the relative abundance of the genera. Clustering is based on Bray Curtis distance (Tree on 
the left). Color bars on the left denote subregion (Central or Meseta) and sample type (bulk soil, 
rhizosphere of mature or young plants). Phyla are shown on the horizontal color bar. 

 1.3.3  Differences in the rhizobacterial community of young and mature 

lechuguillas are subtle and within Actinobacteria 

In general, the bacterial community found in the samples was composed of 16 phyla 

above 1% of relative abundance (Figure 1.3.4). The most abundant phyla were 

Acidobacteria, Actinobacteria, Firmicutes, Chloroflexi, Gemmatimonadetes, 

Planctomycetes, and Proteobacteria. However, each subregion had a characteristic 

composition at deeper taxonomic levels. For example, at the genera level, in the 
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Central subregion Rubrobacter (Actinobacteria), Thermovorax (Firmicutes), 

Chelatococcus, and Sphingomonas (Proteobacteria) showed higher relative 

abundance (Kruskal p<0.05). Meanwhile, Subgroup 6 (Acidobacteria), S0134 

terrestrial group, Gemmatirosa, and uncultured Gemmatimonadaceae 

(Gemmatimonadetes) were more abundant in the Meseta (Kruskal p<0.05) (Figure 

1.3.4 and 1.3.5A). 

 

Figure 1.3.5.Differences between the relative abundance of bacterial genera. A) Central and Meseta 
subregions. B) Sample type: bulk and rhizosphere from mature or young plants of A. lechuguilla T. 
Kruskal-Wallis and post Hoc Dunn tests were performed. Different letters indicate difference between 
the relative abundance of the genera (p<0.05). 

According to the sparse Partial Least Discriminant Analysis (sPLS-DA), the 

discrimination between bacterial communities of bulk soil and rhizosphere from 

mature and young plants is better observed in three dimensions (accuracy = 

55.53%). The first component showed discrimination based on plant presence (ROC 

= 0.81, p<0.001) (Figure 1.3.6). For example, bulk soil had a higher relative 

abundance for the genera: 0319-7L14, Iamia, and MB-A2-108 (Actinobacteria); this 

was corroborated with the Kruskal test and post hoc Dunn (p<0.05) (Figure 1.3.5). 

Only Rubrobacter (Actinobacteria) had a significant difference in relative abundance 

between young and mature plants (Figure 1.3.7A). Even though the discrimination 

by growth stages showed a gradual increase in the relative abundance of genera 
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from bulk soil to the rhizosphere of mature plants, in Deinococcus (Deferribacteres) 

and Ilumatobacter (Actinobacteria), as well as a reduction in the relative abundance 

of the taxa in the rhizosphere of mature and young plants, like Sinosphorangium, 

0319-7L14 (Actinobacteria), Symbiobacterium (Firmicutes), 661256 (Nitrospirae), 

and Limnobacter (Proteobacteria) (Figure 1.3.6). 

 

Figure 1.3.6. Sparse partial least squares – discriminant analysis (sPLS-DA) and variable importance 
in projection (VIP). The analysis was performed with the relative abundance of bacterial genera 
identified in bulk soil (S) and rhizosphere of young (YP) and mature (MP) plants of A. lechuguilla T. 
from Chihuahuan desert (Accuracy = 55.32%, ROC component 1 = 0.81 with p<0.05). Plot of the first 
three components (left) and VIP scores from the top 20 most discriminant genera (right). The color 
bar reflects the mean of the relative abundance of taxa on each class. 

Interestingly, the rhizobacterial composition differed between subregions. In the 

rhizosphere of A. lechuguilla T. from the Central subregion, we found a higher 

abundance of the genera Subgroup 6, Subgroup 25 (Acidobacteria), 

Entotheonellaceae (Epsilonbacteraeota), Dongia, Microvirga, MND1, and R7C24 

(Proteobacteria) (Figure 1.3.7A). In comparison, Citrococcus (Actinobacteria), JG30 

KF CM66 (Choloroflexi), Candidatus Entotheonella (Entotheonellaeota), 

Longimicrobium (Gemmatimonadetes), and Thermovorax (Firmicutes) were more 

abundant in the Meseta subregion (Figure 1.3.7B). In this region, Rubrobacter has 

a significant difference in its abundance between mature (5.68%) and young agaves 

(4.02%) (Figure 1.3.7B). 



25 

 

 

Figure 1.3.7. Differences in the relative abundance of bacterial genera identified in bulk soil and 
rhizosphere from mature and young plants of A. lechuguilla T., from Central (A) and Meseta (B) 
subregions. Kruskal-Wallis and post Hoc Dunn tests were performed. Different letters indicate 
difference between the relative abundance of the genera (p<0.05). 

 1.3.4   Ecological interaction networks change according to the 

subregion and plant growth stage 

Co-occurrence networks and Minimum Spanning Trees (MST) were constructed to 

analyze the differences in the ecological interaction patterns between conditions 

(Figure 1.3.8). The networks presented a module-like structure (Table 0-4 and 0-5), 

where the nodes form clusters or communities tightly connected. Another 

characteristic of these networks was a scale-free degree distribution, verified with 

linear regression (R2 > 0.7) (Table 0-4 and 0-5). This distribution shows that only a 

few nodes are highly connected within the network. Both characteristics suggested 

that these co-occurrence networks are models that depict real interactions in highly 

organized communities, where only some taxa are the critical components of the 

network. 
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Figure 1.3.8. Minimal spanning trees from networks of bacterial communities associated to the 
rhizosphere of A. lechuguilla T. and bulk soil from Central and Meseta subregions of the Chihuahuan 
desert. Nodes represent bacterial genera and color edges display significant Spearman correlation 
between the genera (ρ > 0.7, FDR <0.05), positive in blue and negative in red. The size of the nodes 
depicts the hub score (log) and the colors the phyla. The square nodes are those which had different 
abundances between the three types of networks (A-C) or the two subregions (D, E) (Kruskal-Wallis, 
p<0.05) (See Figure 1.3.5 and 1.3.7). F) Percentage of positive and negative correlations in the 
networks. 

Community networks from Central and Meseta subregions (n = 23 and 24, 

respectively) showed similarities in their structure (Figure 1.3.8D-E). For example, 

the former network was composed of 868 nodes with a mean of connections per 

node (degree) of 29.26 ± 1.20; meanwhile, the latter had 785 nodes with a mean 

degree of 16.88 ± 0.73 (Table 0-4). The network obtained from bulk soil (n=15) had 

nearly the same number of nodes (869), with a mean degree of 39.76. In contrast, 

the rhizosphere networks have a small size, composed of 238 and 248 nodes, in 

young and mature plants, respectively. The number of interactions was 2.07 ± 0.11 

and 2.26 ± 0.53, and these rhizobacterial networks had a modularity value of 0.7 to 
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0.8, which shows a high number of modules with a small number of interactions 

(Figure 1.3.8D-E, Table 0-5). 

Important taxa in the networks (hubs) could represent “key species” for the 

community structure. These strongly interconnected taxa were identified by a hub 

score above the mean of the hub values (0.5), a value based on the number of 

interactions between nodes. In the Central subregion network, we found hubs, amid 

genera Conexibacter, Iamia, Uncultured Gaiellales, 0319 7L14 (Actinobacteria), 

Thermobaculum (Chloroflexi), Thermovorax (Firmicutes), Blyi10, R7C24, 

Rhodovibrio (Proteobacteria), and the phylum Omnitrophicaeota (Table 0-4). As for 

the Meseta subregion, we identified hubs in the genera Atopobium, Paraerskovia 

(Actinobacteria), Uncultured Gemmatimonadaceae, S1034 terrestrial group, 

Gemmatimonas (Gemmatimonadetes), MBNT15, Caulobacteraceae, Povalibacter, 

and Sphingomonas (Proteobacteria). Most of them also show a difference in their 

relative abundance and are more abundant within the subregion (Figure 1.3.5A and 

1.3.8 D-E). 

In bulk soil, the hubs were mainly among the phyla Actinobacteria, Chloroflexi, and 

Proteobacteria, besides other phyla, while hubs from the rhizosphere of agave were 

just a few (Figure 1.3.8A-C). For instance, in the network of the young plants, the 

genera env. OPS17 (Bacteroidetes), Chthoniobacteraceae (Verrucomicrobia), and 

0319 6G20 (Proteobacteria) had the highest hub score (1.00, 0.70, and 0.59, 

respectively). While hubs in the networks of the mature plants were all included in 

the most extensive module composed of 46 nodes, belong to genera from phyla 

Gemmatimonadetes: Gemmatimonadaceae uncultured, S0134 terrestrial group and 

BD2 11 terrestrial group (HS = 0.56, 1.00, and 0.88, respectively), Planctomycetes 

(Pla4 lineage, HS = 0.74), and Proteobacteria (B1 7BS, Diplorickettsiaceae 

uncultured, and Haliangium; hubs scores of 0.69, 0.59, and 0.51, respectively) (Table 

0-5). Candidatus Udaeobacter (Verrucomicrobia), genera present in both lechuguilla 

networks, showed a high number of interactions, despite its low abundance in the 

rhizosphere (Figure 1.3.7A). 
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It is noticeable that all networks had a higher proportion of positive correlations than 

negative ones (Figure 1.3.8F). In both subregions, the networks had around 60% 

positive correlations; however, the proportion among the taxa changed. Genera from 

the phylum Actinobacteria showed a substantial increase in the negative interactions 

in the Central subregion. For example, from phylum Actinobacteria: 0319-7L14, 

Atopobium, Gaiellales Uncultured, and MB A2 108 had over 70% of negative 

interactions while in the Meseta subregion, this percentage was below 45%. Positive 

interactions in the rhizosphere networks increased. For younger plants, positive 

interactions were 67.48% and 73.04% for mature agaves; however, bulk soil had 

56.60% (Figure 1.3.8F, Table 1.3-2). 

Table 1.3-2. Interactions in networks from A. lechuguilla T. in Central and Meseta subregions from the 
Chihuahuan Desert. Percentage of positive and negative interactions on each network and mean of 
edges between nodes, with standard error. Letters show the difference between networks according 
to T test (p<0.05), pair comparison was made separately for subregion networks and bulk and 
rhizosphere of agaves. 

  Positive edges (out) Negative edges (out) 

  % Edges per node % Edges per node 

Central 62.59 18.31 ± 0.80 a 37.41 10.94 ± 0.53 a 

Meseta 60.55 10.22 ± 0.44 b 39.45 6.66 ± 0.35 b 

Mature plant 73.04 1.65 ± 0.10 b 26.96 0.61 ± 0.06 b 

Young plant 67.48 1.39 ± 0.08 c 32.52 0.67 ± 0.06 b 

Bulk soil 56.60 22.50 ± 0.82 a 43.40 17.26 ± 0.77a 

 

 1.3.5  A. lechuguilla T. promotes the activity and abundance of NFB and 

OPMB 

In order to understand which environmental factors affect the enzymatic activity and 

abundance of NFB and OPMB, nitrogenase, ALP and the copy numbers of their 

respective genes (nifH or phoD), were quantified. 

With the analysis of variance, it was found that the enzymatic activity of NFB and 

OPMB was higher in the rhizosphere of mature lechuguillas and that each group had 

different values according to the subregion (p<0.001). For example, in the Central 
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subregion, nitrogenase activity was 193.72 ± 15.42 and 181.84 ± 9.27 nmol C₂H₄ 

kg-1 day-1 for mature and young plants. While in bulk soil, it was 152.19 ± 6.32 nmol 

C₂H₄ kg-1 day-1. However, in the Meseta, the highest activity was 107.32 ± 7.05 nmol 

C₂H₄ kg-1 day-1 for mature plants (Table 1.3-3). As for ALP activity, in the Meseta 

subregion, mature rhizosphere of agaves reported 447.65 ± 15.35 μg pNP g-1 h-1, 

415.04 ± 16.42 μg pNP g-1 h-1 the young plants and bulk soil 371.31 ± 21.22 μg pNP 

g-1 h-1. However, ALP activity only reached 112.14 ± 21.08 μg pNP g-1 h-1 in mature 

plants of the Central subregion (Table 1.3-3). 

Table 1.3-3. Enzymatic activity and abundance of nitrogen fixing bacteria and organic phosphorus 
mineralizing bacteria. Mean and standard error are displayed (n = 8). At the bottom of the table, result 
of the two-way ANOVA is shown (*** p <0.001, ** p <0.01, * p <0.05). 

Subregion Sample type 

Organic phosphorus  
mineralizing bacteria 

Nitrogen fixing bacteria 

μg pNP g-1 h -1 
soil 

log copies 
phoD g-1 soil 

nmol C2H4 kg-1 
day-1 

log copies 
nifH g-1 soil 

Central Mature plant 112.14 ± 21.08 8.69 ± 0.09 193.72 ± 15.42 6.31 ± 0.04 

Young plant 52.57 ± 8.69 8.48 ± 0.09 181.84 ± 9.27 5.78 ± 0.06 

Bulk soil 41.56 ± 5.06 8.18 ± 0.09 152.19 ± 6.32 5.71 ± 0.07 

Meseta Mature plant 447.65 ± 15.35 7.74 ± 0.41 107.32 ± 7.05 6.87 ± 0.29 

Young plant 415.07 ± 16.42 7.92 ± 0.20 78.14 ± 3.13 7.15 ± 0.20 

Bulk soil 371.31 ± 21.22 7.53 ± 0.19 77.33 ± 5.02 6.80 ± 0.06 

Two-way ANOVA (F-value) 

Sample type 11.017*** 1.57 11.07*** 3.450* 

Subregion 703.70*** 18.53*** 209.18*** 73.06*** 

Sample type*Subregion 0.61 0.5 2.341 4.15* 

The gene copy numbers of these functional groups revealed that the Central 

subregion had a higher number of OPMB with phoD and the Meseta subregion had 

more nifH than the northern subregion (p<0.001). Besides, differences among soil 

sample types were only significant for nifH (p<0.05), and the presence of the plant 

(mature or young) seems to promote the number of NFB. For instance, OPMB with 

phoD from Central were above 8.18 ± 0.09 log copies phoD g-1 soil-1, and they only 

reached 7.92 ± 0.20 log copies phoD g-1 soil-1 in the Meseta. nifH gene in the Central 

subregion was 6.31 ± 0.04 log copies nifH g-1 soil-1 and 5.78 ± 0.06 log copies nifH 

g-1 soil-1 for mature and young plants, respectively, while bulk soil had 5.71 ± 0.07 
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log copies nifH g-1 soil-1. In contrast, young agaves’ rhizosphere had 7.15 ± 0.20 log 

copies nifH g-1 soil-1, while mature plants and bulk soil were around 6.80 ± 0.06 log 

copies nifH g-1 soil-1. 

Table 1.3-4. Linear regression models of potential enzyme activities and abundance of nitrogen fixing 
bacteria and organic phosphorus mineralizing bacteria, from bulk and rhizosphere of mature and 
young plants of A. lechuguilla T. Models were made with the backward stepwise selection method 
(*** p <0.001, ** p <0.01, * p <0.05). The variable order in the table matches the order in the model. 

Organic phosphorus mineralizing bacteria 

 
Variable F value 

Percentage 
contribution 

Potential alkaline phos-
phomonoesterase activity 

Na 1306.14*** 88.68 

C:N ratio 6.341181* 0.43 

NO2+NO3 40.99*** 2.78 

Total Org. C 52.42*** 3.56 

Mg 10.51*** 0.71 

Sample type 8.25*** 1.12 

Adjusted R2 = 0.9681, p <0.001 

Log phoD Total Org. C 20.19*** 27.76 

Sample type 4.27* 11.74 

Adjusted R2 = 0.3537, p <0.001 

Nitrogen fixing bacteria 

Potential nitrogenase ac-
tivity 

C:N ratio 141.52*** 62.11 

Total Org. C 15.59*** 6.84 

Sample type 5.92* 5.20 

Fe 16.90*** 7.42 

Adjusted R2 = 0.793, p <0.001 

Log nifH Na 34.87*** 58.51 

Adjusted R2 = 0.5761, p <0.001 

 

 1.3.5.1  Sodium and organic carbon concentration are limiting 

factors for NFB and OPMB activity and abundance 

Linear models constructed with stepwise regression showed that the presence of the 

plant and seven soil properties were related to the enzymatic activity and abundance 

of NFB and OPMB (Table 1.3-4). In this sense, sodium concentration explained most 

of the variation in the ALP activity (88.68%). Moreover, TOC, C:N ratio, NO2+NO3, 
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and Mg positively affected the ALP activity and explained about 7.48% of the 

variation. As for NFB, C:N ratio was the main factor related to the nitrogenase activity 

(62.11%), followed by Fe concentration (7.42%), TOC (6.84%), and the presence of 

the plant (5.20%). The variation in the abundance of the corresponding functional 

genes was also mainly explained by sodium (58.51%) for nifH and TOC (27.76%) 

with sample type (11.74%) for phoD (Table 1.3-4). Interestingly, the main factors in 

all the models (sodium, TOC, and C:N ratio) negatively affect the enzymatic activity 

or abundance of NFB and OPMB (Figure 1.3.9). 

 

Figure 1.3.9. Linear regression between enzymatic activity and abundance of bacteria with soil 
properties from Central and Meseta subregions. A & B) Organic phosphate mineralizing bacteria. C 
& D) Nitrogen fixing bacteria. 

 1.3.5.2  Correlation between enzymatic activity and bacterial taxa 

Correlation between genera over 1% of relative abundance and activity/abundance 

of NFB and OPMB was tested by the Spearman method. In the Central subregion, 
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positive correlations mainly were related to nitrogenase activity and nifH abundance 

(ρ ≥ 0.4, p<0.01), and these traits were verified by literature revision considering the 

possession of genes or the detected activity under laboratory conditions for 

Bryobacter (Acidobacteria), Crossiella, Nonomuraea, Rubrobacter (Actinobacteria), 

AKIW781 (Chloroflexi), Microvirga, and GOUTA6 (Proteobacteria) (Figure 1.3.10A). 

In the Meseta subregion, Actinotalea, Lechevalieria (Actinobacteria), and GOUTA6 

(Proteobacteria) were significantly correlated with OPMB attributes (ρ ≥ 0.4, p<0.01), 

while Dechlorosoma and Haliangium (Proteobacteria) (ρ ≥ 0.4, p<0.01), had been 

reported as both NFB and OPMB (Figure 1.3.10B). 

 

Figure 1.3.10.Correlogram between bacterial genera and enzymatic activity/abundance of nutrient-
improvement bacteria. The bacterial groups include: Nitrogen fixing bacteria (Nitrogenase, nifH) and 
organic phosphate mineralizing bacteria (Alkaline phosphomonoesterase -ALP-, phoD). A) Central 
and C) Meseta subregions. Spearman method was applied. The number and color intensity on the 
correlogram correspond to rho value of significant correlations (p<0.01). 
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 1.4  Discussion 

The objective of this project was to understand how soil properties on a regional 

scale and plant growth stage influence the composition and interactions of bacterial 

communities, as well as over the enzymatic activity and abundance of NFB and 

OPMB. In this work, we found that both factors are important at different levels. While 

soil properties affected the composition of the bacterial communities, mature 

lechuguillas stimulated the activity and abundance of nutrient-improvement 

rhizobacteria. Besides, taxa associated with these functional groups had a crucial 

role in the rhizobacteria community, reflected in the high number of positive 

interactions within the bacterial networks. This interrelationship between abiotic 

conditions, host, and microbiome could explain, to some extent, the wide distribution 

of A. lechuguilla T. under the harsh conditions in the Chihuahuan Desert. 

 1.4.1  A. lechuguilla T. ameliorated the effect of climate change and 

parent material in their rhizosphere 

The soils from the Central and Meseta subregions provide different environments, 

resulting from the climate conditions, topography, and parent material (Dinerstein et 

al. 2001; Augusto et al. 2017). The scarce rain and high evaporation rates in these 

subregions lead to the accumulation of salts that limit nutrient acquisition and 

productivity (Osman 2013), and this condition is exacerbated by the limestone soils 

from the Chihuahuan Desert (García-Arévalo 2002). Furthermore, according to the 

criteria from Gamalero et al. (2020), the soil from the Central subregion could reach 

the grade of “sodic”, which implies electrical conductivity <4 dSm-1, pH>8.5, and the 

absorption of sodium by clay. This condition hinders the acquisition of nutrients and 

soil productivity (Granados-Sánchez et al. 2011), by hindering, in the long run, the 

vegetative development as consequence of the toxic effect of the hyperaccumulation 

of sodium cations in the cell (Gamalero et al. 2020). Nevertheless, A. lechuguilla T. 

has a high production rate for these environments, 0.38 kg m² year-1 (Stewart 2015), 

and the resulting accumulation of organic matter is reflected on the C:N ratio. This 

relation rules the decomposition process and its exploitation by both plants and 
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bacteria (Brust 2019). Besides, the accumulation of organic matter from both 

lechuguilla development stages was reflected over lower C:N ratio levels. For 

example, the values for the Central subregion in young agaves (11.41 ± 0.83) are 

similar to the 15-20 reported in the northern subregions of the Chihuahuan desert in 

New Mexico (Hodge, Robinson and Fitter 2000). In contrast, the higher 

concentration of organic matter in the Meseta, derived in a C:N ratio of 29.50 in the 

mature lechuguillas, enough to enable normal nutrient incorporation (Moorhead and 

Reynolds 1991). Therefore, even with the high levels of radiation, extreme 

temperatures, and the low water availability distinctive of arid environments (Prăvălie 

2016), lechuguilla could shape soil conditions for microorganisms able to overcome 

the limited availability of nutrients and high sodium concentration, which were also 

significantly harsher in Central Subregion. 

 1.4.2   Bacterial communities form the Chihuahuan Desert were 

supported by taxa tolerant to abiotic stress and nutrient intake 

versatility 

The microorganisms with the highest abundance in Central and Meseta subregions 

were phyla Acidobacteria, Actinobacteria, Gemmatimonadetes, and Proteobacteria, 

common in Mexican arid lands, such as The Sonoran Desert, Cuatro Ciénegas Basin, 

and Tehuacán-Cuicatlán Valley (Nagy, Pérez and García-Pichel 2005; Torres-Cortés 

et al. 2012; López-Lozano et al. 2013). The wide distribution of these phyla has been 

related to abiotic stress tolerance and nutrient acquisition (DeBruyn et al. 2011). 

Remarkably, the most interconnected genera within the co-occurrence networks 

(hubs) from Central and Meseta subregions could also relate to these traits. For 

instance, in the Central subregion, Iamia and Conexibacter (Actinobacteria), some 

of the most abundant genera, had been associated with organic matter 

decomposition (Xia et al. 2016), can perform organic phosphorus mineralization or 

nitrogen fixation, and thus probably helping with the nutrient intake within the network 

(Karp et al. 2019). While, genera from Chloroflexi phylum: Candidatus Chloroploca, 

Kouleothrix, and FFCH7168 can perform carbon fixation (Garrity et al. 2001; 

Grouzdev et al. 2018), a mechanism that may be key to tolerate the low 
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concentration of TOC in this subregion or Thermobaculum, a non-phototrophic 

thermotolerant bacteria with different phosphatases (Botero et al. 2004). Another 

example is the genera Omnitrophicaeota (Omnitrophicaeota) found in saline 

estuaries and is supposed to have a role in carbon and sulfur cycles (Baricz et al. 

2019). 

Interestingly, with higher nutrient availability than the Central subregion, the Meseta 

subregion supports a different bacterial community, where the most representative 

bacteria were the phyla Gemmatimonadetes and Proteobacteria. These taxa are 

usually found in soils rich in organic matter and have photosynthetic members able 

to produce their energy and substrates (Ullah et al. 2019); or are involved in carbon, 

nitrogen, and sulfur cycles (Spain Krumholz and Elshahed 2009). For example, the 

hubs S0134 terrestrial group and BD2 11 terrestrial group (Gemmatimonadetes) 

have been isolated from the rhizosphere, and some of them seem favor the 

mineralization of organic phosphorus (Karp et al. 2019). Among the hubs from 

phylum Proteobacteria, the genera Sphingomonas is tolerant to saline conditions 

and can incorporate heavy metals (Asaf et al. 2017), and genera MBNT15 is a 

specialist with mechanisms for nitrate reduction and energy generation through 

acetate and hydrogen oxidation (Chen et al. 2020). 

Some bacteria showed a difference in their behavior according to nutrient availability 

in each subregion. For example, genera 0319-7L14, Atopobium, Gaiellales 

uncultured, and MB A2 108 (Actinobacteria) had fewer negative interactions with 

other genera in the network of the Meseta subregion; while in the meager soils of 

the Central subregion, the negative correlations of the same taxa were almost twice 

as in the Meseta. A predator behavior has been recorded in some strains of the 

phylum Actinobacteria. For example, the genera Streptomyces produce antibacterial 

metabolites when cultivated in low nutrient media, suggesting that these bacteria 

can modulate their behavior to improve their survival (Ibrahimi et al. 2020). As we 

have seen, nutrient availability seems essential for the interaction network structure, 

although we do not rule out other important factors not analyzed in this work. 
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 1.4.3   Beneficial bacteria were selected gradually during the 

development of A. lechuguilla T. 

Along with abiotic conditions, plants can modify the bacterial community in their 

surrounding soil (Qiao et al. 2017; Naylor and Coleman-Derr 2018). A common effect 

in oligotrophic soils, known as fertility islands, is generated due to the nutrient and 

moisture accumulation around the plants, which can shelter different organisms from 

bulk soil exposed to harsher conditions (Garcia-Moya and McKell 2006). Nutrient 

accumulation in fertility islands could be derived from root exudates and expected to 

increase gradually during plant development. This effect has been reported in Agave 

angustifolia (Bautista-Cruz et al. 2007) and A. lechuguilla T. (López-Lozano et al. 

2020). 

In bulk soil, the most abundant genera were Iamia, 0319-7L14, and MB-A2-108 

(Actinobacteria), with tolerance to arid conditions (Barka et al. 2016). However, the 

rhizobacteria associated with lechuguilla could decompose organic matter or use 

carbon sources secreted by plants. For instance, genera Lechevalieria 

(Actinobacteria) has been isolated from hyper arid soils in the Atacama Desert and 

can use sugars and organic acids (Okoro et al. 2010); genera Vicinamibacter 

(Acidobacteria), M55-D21, and Baillaceae (Firmicutes) are susceptible to organic 

matter or root exudates and could be enhancing the plant nutrition through nitrogen 

fixation or phosphate solubilization, respectively (Mandic-Mulec, Stefanic and van 

Elsas 2015; Huber et al. 2016; Jin et al. 2020). 

The growth stage of A. lechuguilla T. was another factor in selecting the bacterial 

community. sPLS-DA revealed Ilumatobacter (Actinobacteria) and 0319-7L14 

(Proteobacteria) as genera related to mature agaves (Shange et al. 2012). Moreover, 

this recruitment could favor the host as these taxa are known for their ability to 

produce phosphatases (Matsumoto et al. 2009). 

Besides, the data suggested that not only the bacterial composition change during 

plant development, but also the interactions within the co-occurrence networks, 

which can be explained by the selection of specialized bacteria with the capacity to 

support the host in exchange for shelter and nutrients provided by plants through the 
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metabolites released to the rhizosphere (Granados-Sánchez et al. 2011). The hubs 

found in the young plant network, such as Chthoniobacteraceae, and Candidatus 

Udaeobacter (Verrucomicrobia), can be related to nutrients availability and 

antibiotics resistance (Willms et al. 2020). Thermoanaerobaculum (Acidobacteria), 

another hub in the network of the young lechuguillas, is associated with sulfur cycles 

and produces siderophores; this last one, a mechanism for biological control and Fe 

acquisition (Tschoeke et al. 2020), which could explain the high proportion of 

negative interactions with other bacteria. Instead, the principal hubs from the mature 

lechuguilla network were among Gemmatimonadaceae Uncultured, S0134 

terrestrial group, and BD211 terrestrial group (Gemmatimonadetes), which have 

been either reported as OPMB or NFB (DeBruyn et al. 2011). These mechanisms 

are energetically expensive for the microorganisms and require high amounts of 

carbon that mature agaves can fulfill by root exudates since they do not require the 

same levels of carbon for their growth as young plants (Hildebrandt et al. 2015). 

Cupriavidus (Proteobacteria), genera only present in the mature plant network, has 

been isolated from alkaline soils in the northwest of Mexico, near the Meseta 

subregion; one of its attributes is the ability to produce biofilms, siderophores, and 

bactericides (Rojas-Rojas et al. 2016). These traits could be improving the protection 

of the host against pathogens. 

As we have seen, plant growth promotion mechanisms were features from the 

bacterial hubs in the networks. However, OPMB and NFB were the most common 

and were among the hubs from lechuguilla networks. This potential favors the 

establishment of mutualistic relationships between plant-bacteria and bacteria-

bacteria (Omirou, Fasoula, and Ioannides 2016), which was corroborated by the 

increase of positive interactions inside the communities of young and mature agave, 

in contrast with bulk soil. The presence and age of lechuguilla affected the soil 

properties, which, in turn, were closely related to the activity and abundance of 

OPMB and NFB. For OPMB, Na concentration was the main limiting factor for the 

alkaline phosphomonoesterase activity. It is known that high concentrations of 

sodium compounds such as NaNO3, NaClO4, and NaSCN, have an inhibitory effect 
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(Pandey and Banik 2011). Likewise, as an enzyme that requires organic matter as 

substrate, it is understandable that TOC was a limiting factor for ALP activity, which 

explains the lower activity in the sodic and poor soils from the Central subregion. In 

contrast, the higher levels of organic matter from the Meseta enable the 

incorporation of phosphorus into the recycling process by microorganisms with 

calcium-based phosphatases, codified in genes like phoX and phoD (Ragot et al. 

2017). Another element important for ALP activity was Mg, which can substitute the 

Fe2+ cofactor (Gomez and Ingram 1995). 

The correlation between bacteria genera and ALP activity and phoD abundance was 

tested (p<0.01). For instance, SAR 202 clade (Chloroflexi), Adhaeribacter 

(Bacteroidetes), and Dechlorosoma (Proteobacteria) were correlated with OPMB 

activity though the phoD gene has not been reported in their genome, which 

indicates that these genera may use different phosphatases (Karp et al. 2019). 

Likewise, sodium was also a limiting factor for nitrogenase activity and nifH gene 

abundance. Together, sodium concentration and alkaline conditions are known to 

have a negative effect on the communities due to the decrease in carbon intake 

efficiency (Keshri et al. 2015). Nevertheless, in the harsher conditions of the Central 

subregion, nitrogenase activity was higher than in the Meseta. The low availability of 

nitrogen in the soil may encourage the microorganisms to obtain this nutrient through 

nitrogenase activity (Bahuguna and Pal 2011). Furthermore, the cost of the 

enzymatic process could be compensated in the rhizosphere by the root exudates, 

even more in the case of mature agaves, which may provide the bacteria with the 

carbon source needed for the reaction (Anandyawati et al. 2017). While in the 

Meseta subregion, the nitrogenase activity may be affected by the higher 

concentrations of ammonium from the mineralization of the organic matter, which 

negatively affects nitrogenase activity (Zhang et al. 2019). Besides, the relation 

between nitrogenase activity and Fe may be explained by its function as a cofactor 

for nitrogen fixation (Inglett et al. 2009). 

Remarkably, the main part of the taxa correlated with nitrogenase activity or 

abundance of nifH were from the Central subregion, where the highest activity was 
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recorded. For example, the genera Bryobacter, Candidatus solibacter 

(Acidobacteria), Succinispira (Firmicutes), Crossiella, Nonomuraea (Actinobacteria), 

Microvirga, Rhizobiales Uncultured, and Haliangium (Proteobacteria) had reports 

either about nitrogen-fixing activity, the presence of the nifH gene, or both (Karp et 

al. 2019). Moreover, for the genera with significant correlations but no records of 

either activity, such as AKIW781 (Chloroflexi), GOUTA, wb1-P19, and JTB 255 

marine benthic group (Proteobacteria), the high correlation could indicate that these 

taxa may have relevance in arid soils, and further research is needed on uncultured 

taxa described only by sequencing.  
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 1.5  Conclusions 

We have explored the composition of the bacterial communities associated with the 

rhizosphere of A. lechuguilla T. Although this plant has a high tolerance to the harsh 

conditions of the Chihuahuan Desert, the cooperation with PGPR, such as NFB and 

OPMB, may contribute substantially to its vast establishment. Along with their 

capacity to improve the available nutrients, mechanisms of tolerance to arid 

conditions, salinity and alkaline soils were among the most abundant and 

interconnected hubs in the bacterial networks. These findings led us to infer the 

importance of these microorganisms for both the host and the bacterial communities 

(Figure 1.5.1). 

The growth stage of A. lechuguilla T. was also a significant factor shaping the 

bacterial microbiome. Even though the rhizobacterial community in young 

lechuguillas shared similarities with bulk soil, these plants, like mature ones, showed 

already a selection that favored NFB and OPMB. 

In addition, abiotic conditions are relevant for the composition of bacterial 

communities. Different climate conditions and parent material are reflected in the 

availability of nutrient concentration, and some of them, like sodium and 

micronutrients, affect the activity and abundance of bacterial communities. 

These findings bring insights and new questions about lechuguilla mechanisms for 

the selection of the bacterial communities and the identity of the NFB and OPMB 

that support its growth under the arid conditions of the Chihuahuan Desert. 
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Figure 1.5.1. Bacterial communities and A. lechuguilla T. interactions. Plant growth promoting rhizobacteria are selected over the growth of A. 
lechuguilla T., favoring those taxa tolerant to the arid conditions of the Chihuahuan desert and with mechanisms for nutrient improvement. 
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Chapter 2. Amino acids in the root exudates of Agave lechuguilla 

Torr. favor the selection and enzymatic activity of nutrient-

improvement rhizobacteria 

 2.1  Introduction 

A. lechuguilla T. is a valuable water-efficient plant from the Chihuahuan Desert, an 

ecosystem with low nutrient availability and extreme climatic conditions (Houri and 

Machaka-Houri 2016). However, despite its ecological, cultural, and biotechnological 

importance, little is known about the plant mechanisms for tolerating arid conditions 

or even the interactions with microorganisms that may facilitate the plant tolerance 

to the harsh conditions of the desert, even as such knowledge may be invaluable 

under the actual pressure of the desertification process and climate change 

(Reynolds et al. 2007; Behnke and Mortimore 2016). In the rhizosphere, the root 

exudates recruit a beneficial microbiome at the cost of carbon and other nutrients 

(Schmidt et al. 2019), and instead, the plant gets nutrients, defense against 

pathogens, and phytohormones that increase its biomass or relieve the abiotic stress 

(Liu et al. 2011; Li et al. 2016; Vurukonda et al. 2016). 

Most of the studies about the composition of root exudates use C3 and C4 plants as 

models of study, while those with crassulacean acid metabolism (CAM) are mainly 

descriptive and do not explore in-depth the response of the plants to abiotic 

conditions. For example, in Opuntia spp. and Sedum alfredii, the most abundant 

metabolites in the root exudates were amino acids, phenolic compounds, organic 

acids, and flavonoids (Li et al. 2013; Tao et al. 2016); all of which had shown a 

significant influence on the rhizobacteria associated to C3 and C4 plants (Abdel-

Lateif, Bogusz and Hocher 2012; Ray et al. 2018; Rahmoune et al. 2019). Likewise, 

the factors that influence the composition of the root exudates in those plants have 

been examined, and soil properties are among the most common, specifically the 

concentration of certain elements (Naher et al. 2009; Ma et al. 2017). For instance, 

the deficit of nitrogen in soil showed to be essential for the amino acid structure and 

reduced the release of these molecules. Likewise, the lack of potassium (K) and iron 

(Fe) decreased and enhanced, respectively, the concentration of carbohydrates 
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(Carvalhais et al. 2013b). Moreover, Arginine (Arg) accumulated in plants as 

response to the deficiency of K, phosphorus (P), magnesium (Mg), sulfur (S), Fe, 

manganese (Mn), chlorine (Cl), and copper (Cu) (Rabe and Lovatt 1986). This far, 

most of the studies had been centered on C3 and C4 plants and ecosystems different 

to the arid lands. Even the compounds studied in the root exudates had been mostly 

organic acids and sugars, while others like the amino acids had been disregarded 

(Baziramakenga, Simard and Leroux 1995; Yoneyama, Terakado-Tonooka and 

Minamisawa 2017; Hennion et al. 2019). 

Similarly, the soil moisture, pH, salinity, and electric conductivity had been reported 

as essential factors for the plant and influence the composition of root exudates since 

they define the availability of the nutrients (Henry and Jefferies 2002). Some of these 

factors are of especial relevance in arid ecosystems since plants are usually 

exposed to salinity, drought, or alkaline soils (Clark et al. 2009). Proline is one of the 

most studied amino acids for its role as an osmolyte to tolerate drought or salinity. 

This metabolite aids the plant to keep the turgor and osmotic balance in the cell 

(Hayat et al. 2012). Which hints at the importance of amino acids in the tolerance of 

plants and their role in the recruitment of rhizobacteria. 

Moreover, the plant species and growth stage had been reported as significant 

factors that shape the composition of the root exudates (Gransee and Wittenmayer 

2000; Badri and Vivanco 2009), and thus that of the rhizobacterial community (Qiao 

et al. 2017). For example, Hildebrandt et al. (2015) proposed that plants use the 

amino acids available in the germination stage and reduce their biosynthesis. This 

pattern will reverse while the plant is actively growing in its juvenile stage, but further 

in the mature and senescence stages, the biosynthesis of the amino acids will 

remain at a low pace (Hildebrandt et al. 2015). 

Likewise, just like plants influence the composition of the bacterial community, it has 

been found that root exudates may change under the influence of bacteria, pathogen 

or beneficial alike (Carvalhais et al. 2013a; Yuan et al. 2018). This variation is 

reflected in the composition of the bacterial community and the functions of the 

microbiome, as these influence the recycling of nutrients and its symbiosis (Barret 
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et al. 2011). Thus, it is crucial to comprehend the factors involved in the shaping of 

the interaction between plants and microorganisms. 

The plants can synthesize 20 amino acids (Hutapea et al. 2018), which are essential 

components of their tissues, where they can reach up to 30% of the plant dry 

biomass (Owen and Jones, 2001). Furthermore, the transport in and out from the 

roots of these compounds to the soil is through passive transport by a difference in 

the concentration gradient (Phillips et al. 2004), or the active influx with adenosine 

triphosphate (ATP)-dependent transporter (Farrar et al. 2003). Amino acids are also 

the most abundant components of the bacterial biomass (Miltner et al. 2009) and 

have a primal effect that comes not only from the carbon chains like in sugar and 

organic acids, but also from the nitrogen and, in some of them, sulfur (Spohn, Ermak 

and Kuzyakov 2013; Huo, Luo and Cheng 2017). In addition, beyond the organic 

nitrogen source (Jones et al. 2005), they also have roles as metabolic intermediates, 

substrates, structural components, and physiologic regulators (Jones and Darrah 

1994; Moe 2013). 

In the rhizosphere, the amino acids are responsible for the recruitment of beneficial 

bacteria with mechanisms that favor the growth of their host (Oku et al. 2012; 

Ayangbenro and Babalola 2021). Previous works suggest that one of the most 

important mechanisms is the improvement of nutrient availability. In the rhizosphere 

of lechuguilla, it has been found that nitrogen-fixing bacteria (NFB) and organic 

phosphorus mineralizing bacteria (OPMB) are abundant and have essential roles in 

the sustenance of the bacterial community (López-Lozano et al. 2020; Medina-de la 

Rosa et al. 2021). In the first case, the reduction of the atmospheric nitrogen (N2) is 

possible through the activity of nitrogenases (Zheng and Dean 1994), a complex of 

a two-component metalloenzyme that, in its most conventional form, includes the 

iron protein and molybdenum-iron protein (Rees and Howard 2000). Plus, these 

enzymes are encoded by the nifHDK genes (Zehr and Turner 2001), among which 

the nifH gene is included in the alternative forms of nitrogenase. The well-conserved 

sequence of the nifH gene had allowed its use as a phylogenetic marker on a wide 

variety of terrestrial and aquatic ecosystems (Ueda et al. 1995; Zehr et al. 2003). 
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Furthermore, the enzymatic activity of the nitrogenase has been associated with the 

concentration of histidine (His) and glutamic acid (Glu) (Abu-Zaitoon Yousef 2012), 

and some examples of diazotrophic bacteria associated with the release of amino 

acids are Azotobacter Azospirillum, Rhizobium, Mesorhizobium, and Sinorhizobium 

(González-López et al. 2005). 

Phosphorus (P) is a macronutrient highly restricted by its reactivity and, in the 

alkaline soils of the Chihuahuan Desert, is quickly immobilized by calcium (Ca) and 

Mg (Perroni et al. 2014). Likewise, P mineralization depends on the action of 

phosphatases produced by OPMB (García-Oliva et al. 2018), such as alkaline 

phosphatases encoded by the phoD gene that hydrolyses the organic P forms and 

aids to increase P availability for the microbiome and the plants alike (Chen et al. 

2017). The deficiency of this macronutrient in plants seems to enhance the 

accumulation of nitrogen in the form of arginine (Arg) as a result of the delay in plant 

growth (Rabe and Lovatt 1986) and the release of gamma-aminobutyric acid and 

carbohydrates, which favor the recruitment of plant-growth promoting rhizobacteria 

(PGPR) that could aid to increase P availability (Carvalhais et al. 2013b). However, 

the information about the interaction between nutrient-improvement bacteria and 

amino acids from root exudates is scarce and even more on the rhizobacterial 

communities of lechuguilla. 

To further understand the influence of root exudates in the rhizobacterial 

communities associated with A. lechuguilla T., the amino acids concentration and 

the bacteria communities in the rhizosphere of lechuguilla in different growth stages 

from the Meseta subregion in the Chihuahuan Desert, were characterized. In this 

regard, it was hypothesized that mature plants release higher doses of amino acids 

in the rhizosphere than young plants, which would favor the selection and enzymatic 

activity of PGPR. The specific objectives of this project were: 1) To determine the 

difference in the amino acids composition between the rhizosphere of mature and 

young plants and bulk soil, 2) Identify the influence of lechuguilla and its growth stage 

over the soil properties, 3) Study the rhizobacterial community associated to 

lechuguilla and identify variations in the functions of the community, as well as those 
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favored in the rhizosphere, and 4) Identify the influence of plant stage and the amino 

acids released in the root exudates over the diversity, abundance, and enzymatic 

activity of NFB and OPMB in the rhizosphere of lechuguilla. Since there is no 

previous information about the root exudates of lechuguilla, this work offers an 

insight into its composition, as well as an insight to their effect on the composition of 

the rhizobacterial communities of A. lechuguilla T., especially those with plant-growth 

promoting mechanisms. 
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 2.2  Methods 

 2.2.1  Site description and sample collection 

Sampling was made at the end of the dry season in 2018 at Los Amoles, a 

community inside the Meseta Subregion of the Chihuahuan Desert in San Luís 

Potosí, Mexico (22°44’8.53”N, 100°29’46.56”W) (Figure 2.2.1). 

 

Figure 2.2.1.Sampling site of soil samples from the rhizosphere of A. lechuguilla T. The sampling was 
made in lechuguillales from the Chihuahuan Desert in Los Amoles, a community from Guadalcázar 
in San Luís Potosí, Mexico. 

The site was located at an altitude of 1,443 m, has a hot semi-arid climate (Bsh), 

annual precipitation of 667.4 mm, and a range of temperatures from 17.6° to 24.6°C. 

The Meseta subregion is dominated by desert shrubs communities, with a high 

abundance of cacti, yucca woodlands, and crasicaule. A. lechuguilla T. grows in 

“lechuguillales”, vegetation patches where this plant is dominant (Zavala-Hurtado 

and Jiménez 2020). In one of these patches and within 20 m2, we selected four 
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mature plants of lechuguilla with about 40 leaves (Freeman and Reid 1985). Young 

plants (4) were those joined to the mature ones by the rhizome and a mean of 20 

leaves. In addition, to avoid sampling the same specimen, each pair was at least 2 

m apart (Trame, Coddington and Paige 1995). Rhizosphere samples were taken 

from soil near the roots, within the leaves’ circumference, and the first 10 cm below 

the surface. These samples were transported to the laboratory, homogenized, and 

preserved at -4° C until further examination. For molecular analyses, samples were 

taken directly from the soil attached to the roots and kept at -80° C. Four bulk soil 

samples were obtained within the sampling site in root-free areas and at least 2 m 

apart from plants. All these procedures were made with disinfected materials to avoid 

contamination. 

 2.2.2  Physicochemical soil properties 

First, soil moisture (SM) was determined by the gravimetric method. Previous to the 

analyses of the physicochemical properties, the soil was oven-dried at 60°C and 

sieved (2 mm). Other properties determined were texture, pH, and electric 

conductivity (EC) (SEMARNAT 2002). The nutrients quantified included: Total 

organic carbon (TOC), total organic nitrogen (TON) (Schubert and Nielsen 2000), 

extractable phosphorus (Bray and Kurtz 1945), ammonium (NH4) (Nelson 1983), 

nitrite plus nitrates (NO2+NO3) (García-Robledo, Corzo and Papaspyoru 2014), 

micronutrients (Fe, Mn, Zn, and Cu), and exchangeable cations (Ca2+, Mg2+, Na+, 

and K+) (Lindsay and Norvell 1978). 

 2.2.3  Amino acids identification 

The quantification of the amino acids from the rhizosphere and bulk soil was 

performed with the AccQ-TagTM Ultra Derivatization Kit in High-performance liquid 

chromatography with a fluorescence detector. Briefly, the soil samples were oven-

dried at 60°C till constant weight and kept at 4°C. Next, the soil was ground, 

degreased with hexane, and hydrolyzed with hydrochloric acid in a dry bath at 115°C. 

Then, the samples were reconstituted, derivatized, and read according to the 

procedure described in the kit. The results were reported as mg g-1 dry soil. 
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 2.2.4  DNA extraction and 16S rRNA gene sequencing of bacterial 

community 

The extraction of the genomic material was made according to the directions of the 

Quick-DNA Fecal/Soil Microbe Miniprep Kit® from Zymo Research (D6010). Region 

V3-V5 from the 16S rRNA gene was targeted with the primers 357F-

5’CTCCTACGGGAGGCAGCAG (Turner et al. 1999) and CDR 5’-

CTTGTGCGGGCCCCCGTCAATTC (Rudi et al. 1997) in the Illumina MiSeq 

Platform (2x300). The sequences analysis was performed with Mothur (V.1.35.1). 

Briefly, the reads were filtered according to Q-value (≥ 25), homopolymers (<8), and 

the ambiguities were omitted. The UCHIME algorithm was used to identify and 

exclude the chimeric sequences. After that, the sequences were trimmed and 

aligned with the Nearest Alignment Space Termination algorithm, with the database 

SILVA 16S rRNA gene (V. 132). Operational taxonomic units (OTU) were obtained 

from the distance matrix of no redundant sequences (97% similarity). Lastly, the 

Mothur Bayesian classifier and SILVA database were used for the taxonomic 

categorization (https://www.arb-silva.de/). 

The samples reagent-only and mock community (ZymoBIOMICS™ Microbial 

Community Standard II, Log Distribution) were included as quality controls. With the 

mock community we confirmed the accuracy of the bacterial composition above 0.01% 

of relative abundance. In addition, in the reagent-only sample, some of the most 

abundant genera were Desulfotomaculum (8.72%), Cutibacterium (7.27%), 

Roseiflexus (4.93%), and Xenococcus CRM (3.55%), which were absent in the rest 

of the samples. Thus, we discarded the contamination due to the handling of the 

samples. 

The functional prediction was made from 16S rRNA gene sequences in R (V 4.1.0.) 

(R Core Team, 2020) with the software Tax4fun2 (V 1.1.5). With this method we 

compared the OTU sequences from 16S rRNA gene and aligned them with the pre-

clustered reference database from Kyoto Encyclopedia of Genes and Genomes 

(KEGG), mode at 99% identity (Wemheuer et al. 2020). This way we can have the 

theoretical potential functions present in the bacterial community. 

https://www.arb-silva.de/
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 2.2.5  Nitrogenase and phosphomonoesterase activity in soil samples 

Nitrogenase activity was quantified with the acetylene reduction method (López-

Lozano, Carcaño-Montiel, and Bashan 2016). Briefly, 6 g of soil were deposited in 

serologic flasks and sealed with rubber stoppers and aluminum caps. From the 

head-space, 20% of the air was swapped with acetylene. The flasks were incubated 

for seven days at 37°C, and the ethylene production was measured in a gas 

chromatograph with a flame ionization detector (Agilent 6890 GC N.05.04). A 

standard curve of ethylene (C2H4) from 0.3 to 2.1 nmol, was run for quantification 

and nitrogenase activity was reported as nmol C2H4 kg-1 day-1 

Alkaline phosphomonoesterase (APM) activity was determined with the colorimetric 

method developed by Tabatabai. Following the protocol, 0.5 g of soil were mixed 

with 2.375 ml Buffer Tris 0.5 M (pH 11) and 0.125 ml of pNPP (p-Nitrophenol 

phosphate, Sigma-Aldrich P7998) as substrate. The mix was incubated for 30 min 

at 37°C (150 rpm). After that period, 2 ml of NaOH 0.5 M and 0.5 ml of CaCl2 0.5 M 

were added. Finally, samples were centrifuged (2,500 rpm x 5 min), and their 

absorbance was read at 405 nm (Tabatabai and Bremner 1969). Blanks without 

pNPP were run alongside the samples. For the quantification, a standard curve with 

p-nitrophenol (pNP) up to 180 μg ml-1 pNP was made, and the APM activity was 

reported as μg pNP g-1 h-1. 

 2.2.6  Abundance quantification of nifH and phoD genes in soil samples 

The quantification of NFB and OPMB was made by real-time quantitative 

polymerase chain reaction (qPCR). For the nifH gene, PCR reactions had: 5 μl of 

SYBR Green 2X, 0.3 mM PolR (5’-ATSGCCATCATYTCRCCGGA-3’) (Poly, 

Monrozier and Bally 2001), 0.15 mM FPGH19 (5’-TACGGCAARGGTGGNATHG-3’) 

(Simonet et al. 1991), and 1 μl DNA (1:20) in a final volume of 10 μl. The conditions 

for the PCR were: Initial denaturation of 10 min at 95°C, 40 cycles of 1 min each of 

denaturation (94°C), alignment (57°C), and extension (72°C); with a final extension 

of 72°C for 5 min (Simonet et al. 1991). For the phoD gene, the 10 μl reaction was 

composed of 5 μl SYBR Green 2X, 0.4 mM of each primer (F733 5’-
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TGGGAYGATCAYGARGT-3’ and R1083 5’-CTGSGCSAKSACRTTCCA-3’), and 1 

μl DNA (1:10). The amplification was made with a three-step reaction of 40 cycles of 

15 s of denaturation at 95°C and one minute each of alignment (57°C) and extension 

(72°C) (Ragot, Kertesz and Bünemann 2015). A final melting step up to 95°C was 

added to both reactions. Standard curves up to 108 copies were run alongside the 

samples. Said curves were made with DNA from clones of Bacillus subtilis (phoD) 

and Geobacter sulfurreducens (nifH), obtained with the pGEM-T Easy Vector system 

(PROMEGA). The reactions were performed in the PikoReal 96 Real-Time PCR 

system (TCR0096, Thermo Fisher Scientific Inc.). 

 2.2.7  nifH and phoD sequencing and data processing 

The identification of NFB and OPMB was made through nifH and phoD genes 

sequencing. The primers used for the reactions were the same as for the qPCR 

method. The sequencing was performed by the Molecular Research LP MR DNA in 

the Illumina MiSeq platform (2x300). As quality controls, reagent-only and mock 

community (ZymoBIOMICS™ Microbial Community Standard II, Log Distribution) 

were run alongside the samples, however, the PCR reactions of both quality controls 

were negative maybe due to the lack of extracted DNA or because the bacterial 

strains in the mock did not have the respective gene. In addition, one sample from 

bulk soil was discarded since PCR reaction was also negative and sequencing was 

not viable. 

For each nifH and phoD fastq sequencing file, we split fastq files into forward and 

reverse paired sequencing files using a custom R script (R Core Team 2020). This 

script splits the sequences into two sequences (left and right). The right sequence is 

then reversed complemented. These two sequences are the forward and reverse 

sequences for each sample. For nifH sequencing files, we obtained from 0.2 to 0.3 

million sequences. For phoD sequencing files, we obtained between 0.1 to 0.2 

million sequences. 

For each gene, we concatenated all the forward and reverse files into separated 

individual files. We performed this task with a custom bash script (GNU, 2007). 
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These concatenated forward and reverse paired-end sequences are used as input 

to the spades assembling tool (Nurk et al. 2017). We used the—meta option. 

Next, we utilized the Trinotate pipeline to annotate the resulting assemblies for nifH 

and phoD (https://github.com/Trinotate). The tools used by the Trinotate pipeline 

were blastx and blastp (Altschul et al. 1990), signalP (Petersen et al. 2011), tmhmm 

(Krogh et al. 2001), RNAmmer (Lagesen et al. 2007), and hmmer (Finn, Clements 

and Eddy 2011). The databases used were PFAM (Punta et al. 2012), KEGG 

(Kanehisa et al. 2012), GO (Ashburner et al. 2000), and eggnog (Powell et al. 2011). 

The results were gathered into a single data frame using the Trinotate report method 

with default parameters. 

For each nifH and phoD assembly, we mapped the forward and reverse pairs with 

hisat2 v2.2.1 (Kim et al. 2019). We used the parameters -a -5 10 -3 10 - -very-

sensitive. The mapping statistics were around 78% for nifH and phoD genes (Figure 

2.2.2). 

 

Figure 2.2.2. Percentage of mapped nifH and phoD fragments from samples of bulk soil and A. 
lechuguilla T. rhizosphere. In blue is the percentage of mapped fragments and in gray the unmapped. 
Samples 1-4 correspond to mature lechuguilla rhizosphere, 5-8 young plants, 9-12 bulk soil, and GM 
Mock community. 

Finally, with a custom R script (R Core Team 2020), we processed the hisat2 results. 

With these results, we generated a data frame with the counts for all the samples. 

https://github.com/Trinotate
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Also, we generated the coverage for each assembled contig, and together with the 

counts, both parameters were used to filter out contigs. 

For the analysis of the ASV sequences, the first quality control was a cut based on 

the length of the sequences. Each median value, as well as the lower and upper 

quartiles, were calculated. According to these, nifH gene sequences between 227 

and 635 nucleotides were kept and 255 to 511 for phoD. The next filtering depended 

on the abundance, so sequences above 0.005% of relative abundance were kept, 

which excluded singletons and doubletons. This value is considered conservative 

and recommended when mock communities were not included for calibration 

(Bokulich et al. 2013). Lastly, the functional annotation of nifH and phoD sequences 

was revisited and the remaining ASV were those with functions related to 

nitrogenase and alkaline phosphomonoesterase enzymes. 

The raw sequences obtained from Illumina sequencing of 16S rRNA, nifH and, phoD 

gene, are available in the GenBank Sequence Read Archive under the Bioproject 

accession PRJNA672793. 

 2.2.8  Statistical analyses 

All statistical analyses described were performed with R (V 4.1.0.) in RStudio (V 

1.4.1717) (R Core Team, 2020). Differences in the soil properties, the concentration 

of the amino acids, and relative abundance of predicted functions were assessed 

with a one-way analysis of variance (ANOVA), and groups were obtained with Tukey 

test. Furthermore, these differences were represented with a principal component 

analysis (PCA), with packages factoMineR V 2.4 and factoExtra V 1.0.7 (See 

supplementary material d). 

The most abundant genera according to the 16S rRNA gene (>1%) were displayed 

in a heatmap (pheatmap V 1.0.12) (Supplementary material b). The differences in 

the bacterial composition were tested with an analysis of similarities (ANOSIM) 

(permutations = 999; vegan V 2.5-7) (Supplementary material c). To test the 

influence of the amino acid concentration and soil properties (independent variables) 

over the bacterial community composition, a redundancy analysis (RDA) was 
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performed (Oksanen et al. 2020). First, a non-metric multidimensional scaling 

(NMDS) with environmental fit was performed for the selection of significant bacterial 

genera (p<0.001) and independent variables (p<0.05). The correlation between the 

genera and the variables was verified with the Pearson method (p<0.001). The RDA 

model was made with the selected variables and the Hellinger transformation of the 

relative abundance of the taxa (Paliy and Shankar 2016). The significance of the 

model was verified with a Montecarlo test (permutations = 999) (Supplementary 

material f). Lastly, the differences in predicted functions were analyzed with a one-

way ANOVA and Tukey test. 

The difference in the composition of NFB and OPMB by sample type was tested with 

an ANOSIM (>1% relative abundance), while, soil properties, amino acids, and taxa 

from nifH and phoD sequencing were used to obtain linear regression models to 

explain the variation in the abundance of nifH or phoD genes and nitrogenase and 

APM activity. Only those with ρ>0.3 were selected (Pearson method, p<0.01) and 

ASV above 1% of relative abundance to reduce the number of independent variables. 

With these data, we performed PCA for amino acid concentration and soil properties, 

and NMDS for the taxa; the orthogonal vectors were used in the models (Dimension 

reduction). 
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 2.3  Results 

 2.3.1  The presence of lechuguilla increases nutrient availability in soil 

To identify the differences in the soil properties between bulk soil and the rhizosphere 

of young and mature lechuguillas, one-way ANOVA and Tukey test were applied 

(Table 2.3-1). According to these tests, the presence of the plant is related to higher 

nitrogen concentration and EC than bulk soil. This pattern was reflected in the 

different nitrogen species (TON, NH4, and NO2+NO3). For example, mature and 

young plants had 0.27 ± 0.02% TON and 0.24 ± 0.02% TON, respectively, while bulk 

soil had 0.17 ± 0.01% TON (p<0.05). As for EC, both mature and young agaves had 

about 0.22 ± 0.01 dSm-1, while bulk soil had 0.17 ± 0.00 dSm-1 (p<0.01). Furthermore, 

mature plants had 0.41 ± 0.04 g Cu kg-1 and 3.08 ± 0.16 g Fe kg-1, nearly twice the 

concentration in the samples from young lechuguilla and bulk soil (p<0.01).  

 

Figure 2.3.1. PCA of physicochemical soil properties. Samples belong to bulk soil and rhizosphere of 
mature and young lechuguilla, each group of samples shown their own centroid. On the right are 
displayed the contributions of the variables for each dimension. Explained variance = 63.4%. 
TOC=Total organic carbon, TON= Total organic nitrogen, and SM= Soil moisture. 
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Table 2.3-1. Physicochemical properties from the rhizosphere of A. lechuguilla T. Soil samples from 
lechuguilla rhizosphere and bulk soil from Los Amoles in Guadalcázar community, San Luís Potosí, 
Mexico. F value from one-way ANOVA and similar letters indicate no difference between groups 
according to Tukey test (* p<0.05, **p<0.01, ***p<0.001). 

Soil properties Mature plant Young plant Bulk soil F-value 

% Total C 9.05 ± 0.26 a 9.32 ± 0.14 a 8.51 ± 0.22 a 3.73 

% Total N 0.27 ± 0.02 a 0.24 ± 0.02 a 0.17 ± 0.01 b 7.96* 

C:N ratio 34.11 ± 1.93 b 40.07 ± 4.16 ab 51.35 ± 2.64 a 8.22** 

mg NH4 kg-1 26.85 ± 2.11 a 23.25 ± 2.04 a 7.50 ± 0.82 b 34.15*** 

mg NO2+NO3 kg-1 74.77 ± 5.46 a 63.21 ± 3.30 a 35.97 ± 2.67 b 24.89*** 

mg P kg-1 0.68 ± 0.04 a 0.53 ± 0.04 a 1.91 ± 1.15 a 1.3 

g Cu kg-1 0.41 ± 0.04 a 0.29 ± 0.02 b 0.21 ± 0.01 b 14.50** 

g Fe kg-1 3.08 ± 0.16 a 2.63 ± 0.12 ab 2.13 ± 0.10 b 12.71** 

g Mn kg-1 14.77 ± 0.39 a 11.75 ± 0.73 b 8.13 ± 0.15 c 46.54*** 

g Zn kg-1 1.46 ± 0.04 a 0.78 ± 0.07 b 0.41 ± 0.01 c 138.20*** 

g Ca kg-1 0.86 ± 0.04 a 0.84 ± 0.03 a 0.85 ± 0.02 a 0.13 

g K kg-1 0.62 ± 0.01 a 0.63 ± 0.05 a 0.62 ± 0.03 a 0.02 

g Mg kg-1 0.11 ± 0.00 a 0.11 ± 0.00 a 0.10 ± 0.01 a 1.11 

g Na kg-1 9.06 ± 0.13 a 9.17 ± 0.22 a 10.33 ± 1.22 a 0.96 

dS m-1 0.22 ± 0.00 a 0.22 ± 0.01 a 0.17 ± 0.00 b 12.27** 

pH 8.4 ± 0.03 c 8.5 ± 0.01 b 8.6 ± 0.01 a 17.12*** 

% SM 27.30 ± 1.07 ab 29.58 ± 0.89 a 23.44 ± 1.25 b 8.28** 

% Sand 30.10 ± 1.40 b 33.50 ± 0.96 ab 35.00 ± 1.29 a 4.17 

% Clay 21.20 ± 0.82 a 24.60 ± 2.61 a 18.80 ± 0.71 a 3.2 

% Silt 48.68 ± 0.94 a 41.85 ± 2.26 b 46.18 ± 1.26 ab 4.71* 

Differences between plant-stage were only in pH and concentration of Mn and Zn. 

The pH of the soil samples decreased gradually from bulk soil (8.6 ± 0.01), young 

lechuguilla rhizosphere (8.5 ± 0.01), and has the lowest values in mature plants (8.4 

± 0.03; p<0.001). In contrast, Mn (14.77 ± 0.39 g kg-1) and Zn (1.46 ± 0.04 g kg-1) 

showed the highest concentration in the rhizosphere of mature lechuguillas than 

young plants or bulk soil (p<0.001). The differences in soil properties can be 

visualized in the PCA for which sand, clay, C:N ratio, and EC were omitted to avoid 

multicollinearity between variables. According to the clustering analysis, which 

explains about 63.4% of the variation, while lechuguilla samples were related to 

higher nitrogen concentration, bulk soil was characterized by higher pH. Between 
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plant stages, we found that mature plants had a higher concentration of 

micronutrients, and young plants had a higher TOC and SM (Figure 2.3.1). 

 

Figure 2.3.2. PCA of amino acids concentration in soil. Samples belong to bulk soil and rhizosphere 
of mature and young lechuguilla, each group of samples shown their own centroid. On the right are 
displayed the contributions of the variables to each dimension. Explained variance = 47.6%. 

 2.3.2  Differences in amino acids prevail between mature lechuguilla and 

bulk soil 

To discern the differences in the amino acid concentration between samples, ANOVA 

and Tukey post hoc were applied (Table 2.3-2). According to these analyses, leucine 

(Leu) and lysine (Lys) had lower concentrations in the rhizosphere than samples 

from bulk soil (p<0.05). For example, Leu concentration in the rhizosphere was about 

0.05 mg g-1 dry soil for both mature and young plants, which was half the 

concentration found in bulk soil, 0.10 ± 0.02 mg g-1 dry soil. The 19.33 ± 5.81 mg Lys 

g-1 dry soil in bulk soil had notably higher concentration than rhizosphere of mature 

plants where it only reached 0.19 ±0.06 mg Lys g-1 dry soil (p<0.05). Lastly, the 

concentration of threonine (Thr), 0.17 ± 0.02 mg g-1 dry soil, was higher in the 

rhizosphere of young lechuguillas than mature plants, which had 0.06 ± 0.01 mg g-1 

dry soil. Furthermore, to identify variations between the amino acids as a set, we 
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applied the ANOSIM test (999 permutations) and found difference between the 

rhizosphere of mature lechuguilla and bulk soil (R= 0.51, p<0.05). This contrast can 

be observed in the PCA (Explained variance= 47.6%), where samples from young 

lechuguilla were mixed with mature and bulk soil samples (Figure 2.3.2). Additionally, 

while bulk soil samples were clustered by a higher concentration of cysteine (Cys), 

Leu, and Lys, mature plants distinguish themselves by a higher concentration of 

arginine (Arg), histidine (His), and methionine (Met). 

Table 2.3-2. Amino acids concentration from the rhizosphere of A. lechuguilla T. Rhizosphere and 
bulk soil samples from Los Amoles in Guadalcázar community, San Luís Potosí, Mexico. F value from 
one-way ANOVA and similar letters indicate no difference between groups according to Tukey test (* 
p<0.05, **p<0.01, ***p<0.001). 

Amino 

acid 

Mature plant Young plant Bulk soil 
F value 

mg g-1 dry soil 

Ala 12.14 ± 5.27 a 38.35 ± 10.13 a 23.33 ± 4.55 a 3.43 

Arg 0.36 ± 0.14 a 0.14 ± 0.02 a 0.12 ± 0.01 a 1.05 

Asp 0.26 ± 0.05 a 0.24 ± 0.06 a 0.17 ± 0.05 a 0.74 

Cys 8.28 ± 2.92 a 5.19 ± 4.06 a 13.90 ± 1.79 a 2.07 

Glu 0.28 ± 0.11 a 0.50 ± 0.05 a 0.36 ± 0.12 a 1.26 

Gly 0.16 ± 0.05 a 0.04 ± 0.02 a 0.12 ± 0.04 a 2.76 

His 0.27 ± 0.07 a 0.13 ± 0.00 a 0.12 ± 0.04 a 3.01 

Ile 0.22 ± 0.03 a 0.17 ± 0.04 a 0.23 ± 0.05 a 0.56 

Leu 0.05 ± 0.01 b 0.05 ± 0.00 b 0.10 ± 0.02 a 4.82* 

Lys 0.19 ± 0.06 b 11.43 ± 2.75 ab 19.33 ± 5.81 a 6.73* 

Met 0.12 ± 0.05 a 0.05 ± 0.02 a 0.06 ± 0.01 a 1.04 

Phe 0.20 ± 0.04 a 0.18 ± 0.04 a 0.23 ± 0.06 a 0.34 

Pro 0.19 ± 0.08 a 1.09 ± 0.55 a 0.14 ± 0.04 a 2.73 

Ser 0.06 ± 0.01 a 0.07 ± 0.03 a 0.09 ± 0.03 a 0.25 

Thr 0.06 ± 0.01 b 0.17 ± 0.02 a 0.12 ± 0.02 ab 8.75** 

Tyr 0.24 ± 0.04 a 0.25 ± 0.07 a 0.13 ± 0.04 a 1.67 

Val 0.18 ± 0.06 a 0.06 ± 0.01 a 0.08 ± 0.02 a 2.70 
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 2.3.3  Proteobacteria and Bacteroidetes are the most abundant phyla in 

the rhizosphere of lechuguilla 

The identification of the bacterial community was based on the 16S rRNA gene 

sequencing. Mock community and reactive-only samples were added as quality 

controls (Table 0-6), aided in discarding contamination due to manipulation, and set 

the data accuracy above 0.01% of the relative abundance. 

 

Figure 2.3.3. Relative abundance of bacterial genera in bulk soil and the rhizosphere of mature and 
young plants of A. lechuguilla T. The genera displayed had relative abundance above 1%. Tree on 
the left was built with Bray Curtis distance. 

Among the most abundant phyla in the soil samples from Amoles were 

Proteobacteria, Actinobacteria, Acidobacteria, and Gemmatimonadetes (Figure 

2.3.3). While the genera 0319 7L14, MB A2 108, Gaiellales uncultured, and 67 14 

(Actinobacteria) showed more relative abundance in bulk soil; the rhizosphere of 

lechuguilla seems to hold a higher abundance of Flavisolibacter, UTBCD1 

(Bacteroidetes), Microvirga, and Propionivibrio (Proteobacteria) (Figure 2.3.3). 

Clustering with Bray Curtis distance indicated that the main difference between 

groups corresponds to the presence of the plant, and this was corroborated with 

ANOSIM (999 permutations). The test showed that the bacterial communities of the 
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rhizosphere of mature (R=0.94, p<0.05) and young lechuguilla (R=0.82, p<0.05) 

were different from those in bulk soil samples; but there was no difference between 

plant stage (R=0.250, p>0.05). 

Furthermore, to identify the soil properties related to the composition of the bacterial 

community, RDA was done with the relative abundance of the bacterial genera. 

Previously, the soil properties and amino acids selected for the model were those 

with significant envfit (p<0.05) in an NMDS (Figure 2.3.4A). Bacterial genera were 

selected in a similar manner (envfit p<0.001) (Figure 2.3.4). 

 

Figure 2.3.4. NMDS of bacterial genera from bulk soil, mature and young lechuguilla rhizosphere from 
the Chihuahuan Desert. To explain the clustering of the samples an envfit was added. A) Soil 
physicochemical properties and B) amino acids (p<0.05). On the right, genera with significant envfit 
in NMDS (p<0.001). 

RDA with soil properties indicated that SM, NH4, and Mn were correlated with the 

composition of the rhizobacterial communities of lechuguilla (Explained variance= 

73.06%). In contrast, a higher pH and C:N ratio were correlated with the bacterial 
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community in bulk soil (Figure 2.3.5A). In addition, according to RDA with amino 

acids (Explained variance = 59.72%), Leu was correlated with the composition of the 

bacterial communities in bulk soil. Finally, while Tyr was correlated with both 

rhizobacterial communities, Arg seemed to influence the microbiome composition in 

mature plants (Figure 2.3.5B). 

 

Figure 2.3.5. Redundancy analysis of the bacterial community associated to A. lechuguilla T. Bacterial 
diversity is explained by: A) Physicochemical soil properties (Exp. var. = 73.06%) and B) Amino acids 
(Exp. var. = 59.72%). 

 2.3.4  Theoretical functions in the rhizosphere of lechuguilla are 

centered on the metabolism of amino acids 

The functional prediction of the microbial community was based on the 16S rRNA 

gene. OTU were assigned according to the SILVA database and transformed into 

functional traits with Tax4fun2. For our samples, this prediction included about 31.07% 

of the assigned OTU. The functions considered for further analysis included: Cellular 

processes, environmental information processing, genetic information processing, 

and metabolism. According to the ANOVA and Tukey test, the bacterial community 

in bulk soil showed an increase in the functions related to the metabolism of some 

amino acids (tryptophan - Trp, alanine - Ala, glutamine - Gln, and glutamate - Glu) 

(Figure 2.3.6), carbohydrates (butanoate, fructose, mannose, and propanoate) 

(Figure 2.3.7), lipids (fatty acids, alpha-linolenic acid, and steroids), the biosynthesis 

of terpenoids and xenobiotics degradation, such as, benzoate and caprolactam 

(Figure 2.3.8). Besides, photosynthesis and nucleotide excision repair were also 
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abundant functions in the root-free soil (Figure 2.3.8-9). In the rhizosphere of both 

stages of lechuguilla, the biosynthesis of valine (Val), Leu, isoleucine (Ile), and the 

metabolism of other amino acids had an increased abundance (Figure 2.3.6). In 

addition, carbon sources preferred by the bacteria in the rhizosphere included 

inositol phosphate, pentose, and glucuronate interconversions as the functions 

related to the metabolism of these carbohydrates were increased (Figure 2.3.7). 

There was also an augmented abundance of biosynthesis and degradation of 

secondary metabolites and xenobiotics, such as betalain, flavones, and flavonoids 

(Figure 2.3.8). Mature plants had higher relative abundance functions related to 

antibiotics and communications with quorum sensing (Figure 2.3.9), than younger 

lechuguilla or bulk soil bacterial communities. 

 
Figure 2.3.6. Predicted functions related to the metabolism of amino acids in the rhizobacterial 
communities of young and mature A. lechuguilla T. Values correspond to the difference between 
rhizosphere and bulk soil samples with standard error. Differences were tested with ANOVA and 
Tukey (* = p<00.5, ** = p<0.01, and *** p<0.001). 
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Figure 2.3.7. Predicted functions related to the metabolism of 
carbohydrates and glycan biosynthesis in the rhizobacterial communities 
of mature and young A. lechuguilla T. Values correspond to the 
difference between rhizosphere and bulk soil samples with standard 
error. Differences were tested with ANOVA and Tukey (* = p<00.5, ** = 
p<0.01, and *** p<0.001). 

 

 

Figure 2.3.8. Predicted functions related to the metabolism of bacterial 
communities of young and mature A. lechuguilla T. Values correspond to 
the difference between rhizosphere and bulk soil samples with standard 
error. Differences were tested with ANOVA and Tukey (* = p<00.5, ** = 
p<0.01, and *** p<0.001). 
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Figure 2.3.9. Predicted functions related to cellular processes and environmental / genetic information 
processing in the bacterial communities of young and mature A. lechuguilla T. Values correspond to 
the difference between rhizosphere and bulk soil samples with standard error. Differences were tested 
with ANOVA and Tukey (* = p<00.5, ** = p<0.01, and *** p<0.001). 

 2.3.5  Plant growth promoting related functions are enriched in the 

rhizosphere of lechuguilla 

Bulk soil bacterial communities were enriched with microorganisms tolerant to 

environmental stress (p<0.05), associated with the production of biofilm and 

osmolytes (Figure 2.3.10). In addition, these communities had abundant 

microorganisms with the capacity of inorganic phosphate uptake, the transport of 

siderophores, and the production of hydrolytic enzymes (Figure 2.3.10). Instead, in 

the rhizosphere of lechuguilla, the acquisition of nutrients seemed to be favored by 

the fixation of nitrogen and the mineralization of organic phosphate (p<0.05). 
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Functions related to these pathways include the production of flavonoids, phosphate 

transporters, and denitrification (Figure 2.3.10), which were more abundant in the 

rhizosphere than bulk soil communities. Other abundant functions were those 

related to the metabolism of siderophores, osmolytes accumulation, ACC deaminase, 

indole pyruvic acid production, and protection against pathogens by means of the 

production of antibiotics, quorum quenching (Figure 2.3.10). The only difference 

between plant-stage was for indole-3-acetonitrile, which was higher in younger 

plants than mature (p<0.05). 

 

Figure 2.3.10. Plant growth-promoting related functions in the bacterial community of the rhizosphere 
of A. lechuguilla T. and bulk soil. Logarithm of the relative abundance of the functions. Difference in 
relative abundance was tested with ANOVA and Tukey (* = p<00.5, ** = p<0.01, and *** p<0.001) 
(Right). MP= Mature plant, YP= Young plant, and S= Bulks soil. 
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 2.3.6  Firmicutes and Proteobacteria are the most abundant OPMB and 

NFB in the rhizosphere of lechuguilla 

To identify the communities of NFB and OPMB associated with the rhizosphere of 

lechuguilla, nifH and phoD genes were sequenced (Table 0-7). In the rhizosphere 

unclassified of lechuguilla, we found 113 ASV from nifH, most of which belong to the 

phyla Proteobacteria (Acidithiobacillus -1 ASV-, Sinorhizobium -6 ASV-, 

Gluconobacter -1 ASV-, Azospirillum -1 ASV-, Burkholderia -2 ASV-, and 

Pseudomonas -21 ASV-) and Firmicutes (Bacillus -11 ASV-, Geobacillus -3 ASV-, 

and Ruminiclostridium -2 ASV-). These taxa diminish considerably in bulk soil, while 

Cyanobacteria (Nostoc -3 ASV-) and Unknown taxa (13 ASV), reach around 82.87% 

of the community (Figure 2.3.11B). However, the composition of the bacterial 

communities only differs between the rhizosphere of mature lechuguilla and bulk soil 

(ANOSIM, 999 permutations; R=0.222, p<0.049) and, even though there is no 

difference between mature and young lechuguilla, we found an increased 

abundance of the genera Pseudomonas, Nostoc, Frankia -1 ASV-, and Unknown 

taxa in the rhizosphere of young lechuguilla (Figure 2.3.11B). 

 

Figure 2.3.11. Bacterial composition in the rhizosphere of lechuguilla and bulk soil, obtained by nifH 
and phoD sequencing. A) Organic phosphorus mineralizing bacteria (OPMB) and B) Nitrogen-fixing 
bacteria (NFB). Genera displayed had relative abundance over 1%. 
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Further characterization of the nitrogen-fixing community included quantifying the 

nitrogenase activity and the abundance of the nifH gene. The activity of the 

nitrogenase in mature (95.72 ± 8.52 nmol C2H4 kg-1 day-1) and young lechuguilla 

(75.89 ± 5.25 nmol C2H4 kg-1 day-1) were higher than bulk soil (66.89 ± 3.77 nmol 

C2H4 kg-1 day-1) (ANOVA, Tukey p<0.05). As for the nifH gene abundance, the 

samples from mature lechuguilla (7.48 ± 0.06 log copies nifH g-1 soil-1) had higher 

counts than young plants (6.68 ± 0.14 log copies nifH g-1 soil-1) or bulk soil (6.87 ± 

0.02 log copies nifH g-1 soil-1; p<0.001) (Figure 2.3.12). 

 

Figure 2.3.12. Enzymatic activity and abundance of NFB and OPMB associated to the rhizosphere 
of A. lechuguilla T. A) Activity of nitrogenase and APM. B) Abundance of nifH and phoD genes. 
Different letters indicate significant difference (ANOVA, Tukey p<0.05). Capitals are for OPMB and 
low-case for NFB. Linear regression models were constructed with the loading dimensions of 
multivariate analysis from soil properties, amino acids, and ASV. 
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Figure 2.3.13. Dimension reduction of variables for linear regression models of nitrogen-fixing 
bacteria. A) NMDS was applied for ASV above 1% of relative abundance, values of ASV envfit is 
displayed on the right. B) PCA of amino acids and C) Soil properties correlated with the abundance 
of nifH and nitrogenase activity (ρ>0.3, p<0.05, Pearson method). Contribution and correlation values 
are displayed. 
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Lastly, linear models were made to identify the variables that explained the variance 

of the nitrogenase activity and abundance of the nifH gene. These models were 

constructed with soil properties and amino acids correlated to the enzymatic activity 

and abundance of nifH gene (Pearson method ρ>0.3, p<0.05) and the most 

abundant ASV (>1%) (Figure 2.3.13). According to these models, while the 

abundance of the nifH gene is explained by the amino acids Lys, Met, and Thr 

(Explained variance= 58.11%, p<0.01); the nitrogenase activity depends on soil 

properties such as C:N ratio, micronutrients, nitrogen sources, SM (Explained 

variance= 44.54%, p<0.05), and abundant ASV (Explained variance= 22.99%, 

p<0.05) where the most common genera were Bacillus, Escherichia, Nostoc, 

Pseudomonas, and Unknown taxa (Figure 2.3.12). 

 

Figure 2.3.14. Dimension reduction of variables for linear regression models of organic phosphorus 
mineralizing bacteria. A) PCA was applied for amino acids and B) Soil properties correlated with the 
abundance of phoD and alkaline phosphomonoesterase activity (ρ>0.3, p<0.05, Pearson method). 
Contribution and correlation values are displayed. 
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OPMB community was composed mainly of the phyla Firmicutes (Bacillus -429 ASV- 

and Clostridium -1 ASV-), Actinobacteria (Streptomyces -11 ASV-), and Unknown 

taxa (12 ASV). At genera level, we can appreciate a higher abundance of the 

Unknown taxa and lower from Bacillus in the rhizosphere of mature agaves, while 

Bacillus had up to 97.72% of relative abundance in bulk soil (Figure 2.3.11). However, 

if we compare the bacterial communities at ASV level (ANOSIM, 999 permutations), 

we found that the plant stage is significant (R2=0.208, p<0.05), as well as the 

presence of mature (R2=0.906, p<0.05) and young plants (R2=0.615, p<0.05) in the 

composition of the bacterial communities. Additionally, we found that the enzymatic 

activity of APM is higher in both mature (407.72 ± 5.63 μg pNP g-1 h-1) and young 

lechuguillas (378.03 ± 14.15 μg pNP g-1 h-1) than bulk soil (328.90 ± 9.64 μg pNP g-

1 h-1) (p<0.01). Moreover, like NFB communities, only the mature plants had a higher 

abundance of phoD gene (8.68 ± 0.05 log copies phoD g-1 soil-1), while young agaves 

and bulk soil had around 7 log copies phoD g-1 soil-1 (p<0.01, Figure 2.3.12). 

Variables that explain the APM activity include the amino acids: Ala, Arg, His Leu, 

Lys, Met, Thr, and Val (Explained variance= 36.16%, p<0.01); and soil properties 

such as micronutrients, dissolved phosphorus, pH, EC, and sand (Explained 

variance= 33.30%, p<0.01) (Figure 2.3.14). Besides, the same variables explain 

about 61.16% of the variance in the abundance of phoD (p<0.01, Figure 2.3.12). 
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 2.4  Discussion 

The objective of this project was to understand the influence of the amino acids 

released by A. lechuguilla T. in the composition and the functional profiles of the 

rhizobacterial community, especially in the enzymatic activity and abundance of NFB 

and OPMB. We found that, through certain amino acids in the root exudates, the 

plants stimulated the accumulation of nutrients in the soil and enhanced the selection 

of bacteria with plant-growth promoting traits. Furthermore, the presence of some of 

these compounds in the soil may be due to the influence of rhizobacteria. These 

results help us further to understand interactions between plants and the rhizosphere 

microbiome. 

 2.4.1  A. lechuguilla T. accumulated nutrients in the soil and shaped the 

rhizobacterial community 

The arid lands are known for their elevated evapotranspiration rates, high 

temperatures, poorly developed soils, and low nutrient availability (Gamalero et al. 

2020). However, organisms that inhabit these ecosystems, such as lechuguilla, show 

remarkable tolerance against these conditions. For example, the results revealed an 

increase of SM, TOC, N forms, and micronutrient concentration in the rhizosphere 

of mature and young stages of lechuguilla, which could be influencing the 

composition of the rhizobacterial community (Figure 2.3.5A). This phenomenon is 

known as fertility island (Granados-Sánchez et al. 2011), and according to this, the 

plants in arid environments accumulate organic matter and nutrients, retain soil 

moisture, and provide shelter to other organisms (Bashan and De-Bashan, 2010). 

Moreover, the exudates from the root of lechuguilla and patches-like growth had 

been associated with the retention and nutrient cycling (Reyes, 1981; Barbosa-

Biones et al. 2019). In addition, the organic acids in the root exudates of lechuguilla, 

had shown a reductive effect over the pH in the soil, increasing the availability of 

nutrients (Mapelli et al. 2018). 

Under these conditions, Proteobacteria was the most abundant taxa in the 

rhizosphere of lechuguilla. As stated in previous works, lechuguilla from the 
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Chihuahuan desert favored a rhizosphere with plenty of beneficial taxa from 

Proteobacteria, such as Bradyrhizobia, Microvirga, Rhizobia, and bacteria from the 

order Sphingomonadales (López-Lozano et al. 2020). In addition, even though 

Bacteroidetes was not one of the most abundant taxa, its relative abundance in the 

rhizosphere was twice than in bulk soil (Figure 2.3.3), a characteristic found 

previously in the Meseta subregion of the Chihuahuan desert (Medina-de la Rosa et 

al. 2021). The phylum Bacteroidetes includes beneficial bacteria such as 

Flavisolibacter, a genus able to subdue heavy metal oxidation and accelerate 

nutrient dynamics in the rhizosphere, thus promoting plant-growth (Liu et al. 2020). 

The phylum Bacteroidetes, along with Acidobacteria, Chloroflexi, and Firmicutes, 

had been identified as the community that replace the dominant Proteobacteria in 

the late stages of leguminous shrubs (Na et al. 2018). In lechuguilla these phyla 

along with Entotheonellaeota and FBP, showed an increment in their relative 

abundance in the rhizosphere. In contrast, we found a higher abundance of 

Actinobacteria in bulk soil communities. This phylum is common and dominant in 

soils (Buée et al. 2009), and some of its taxa are known to have mechanisms for the 

tolerance against alkaline soils, salinity, high temperatures, and formation of spores 

to overcome the scarce availability of nutrients (Ventura et al. 2007; Barka et al. 

2016), conditions that were exacerbated in the bulk soil samples as RDA showed, 

since samples seemed to be related to higher C:N ratio and pH (Figure 2.3.5A). 

As we can observe, the composition of the bacterial communities was greatly 

determined by the soil properties, influence which is duplicated since soil properties 

are also significant for the concentration of the root exudates (Kamilova et al. 2006), 

crucial factors for the selection of the rhizobacterial communities (De-la-Peña, Badri 

and Loyola-Vargas 2012). 

 2.4.2  The amino acids served as nutrient sources and aid against 

environmental stress. 

Root exudates are essential elements in the conformation of the rhizobacterial 

communities (Huang et al. 2014), and among its components, the amino acids are 

some of the most critical by their multiple uses as metabolic intermediaries, signals, 
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structural components, and sources of C and N for plants and microorganisms (Moe 

2013). 

However, the composition of root exudates changes according to different variables, 

including abiotic stress, water availability, plant species or cultivar, growth stage, and 

interactions (Rengel 2002; Bertin, Yang and Weston 2003; Chaparro, Badri and 

Vivanco 2014; Bobille et al. 2019; Balasubramanian et al. 2020). In lechuguilla, we 

found differences in the amino acids profile according to the growth stage that 

influence the bacterial community. For example, Tyr was related with the composition 

of the rhizobacterial community related to young and mature lechuguillas, while Arg 

was mostly related with the mature plants. It has been proposed that Arg, Asp, and 

Gln are used as nitrogen storage and the transport of compounds inside the plants 

(Hildebrandt et al. 2015). Arginine, however, is the only source of urea, and its 

catabolism is essential for the mobilization of N through the plant (Witte, 2011). The 

concentration of this amino acid was associated with the late growth stage in 

underground tissues of plants of Dioscorea opposite and Rumex acetosa 

(Bausenwein et al. 2001; Ninomiya et al. 2004), and as nutrient storage, it is 

degraded during the senescence (Witte, 2011). Also, Arg, Met, and Ser increased in 

the root exudates of rice in the reproductive stage (Jackson and Ilamurugu, 2014). 

Though the accumulation of Arg in mature plants and reproductive stages has been 

registered, little is known about its influence over the bacterial community. 

Nonetheless, there are reports about chemotaxis effect over strains of Bacillus and 

Ralstonia or the inhibition of Stenotrophomonas (Elhalag et al. 2015; Feng et al. 

2018), so further research is needed to clarify how the rhizosphere of lechuguilla 

seemed to enhance the presence of genera from Proteobacteria and 

Gemmatimonadetes. 

Stress in plants has been related to the production of amino acids (Naylor and 

Coleman-Derr 2018). For example, high concentrations of Tyr in plants had been 

associated with stressful conditions or late growth stages (Schenck and Maeda 

2018), which could explain its abundance in both stages of lechuguilla and its 

importance in the bacteria recruitment since, in the rhizobacterial communities, the 
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functions related to its metabolism were more abundant than in bulk soil. Similarly, 

Lys and Thr, which were at higher concentration in the rhizosphere of young plants, 

could be the response of a younger stages of lechuguilla exposed to stressful 

conditions (Obata and Fernie 2012). It has been proposed that plants increment the 

production of Lys, Thr, and Met for its use as osmolytes or alternative donors for the 

mitochondrial electron transport chain and the production of adenosine triphosphate 

(ATP) when C sources are scarce (Ishizaki et al. 2006; Joshi et al. 2010; Obata and 

Fernie 2012). Though the physiological response of lechuguilla to stressful 

conditions may need more investigation. Therefore, the production of Lys and Thr in 

young plants may help them tolerate arid conditions. 

Nevertheless, we could associate the presence of some amino acids in the soil to 

the influence of the microorganisms and the abiotic conditions (Phillips et al. 2004). 

For example, it has been proved that the pace at which the amino acids are extracted 

depends significantly on the soil moisture (Ma et al. 2017), so the low availability of 

water in the arid lands may explain, at some level, the accumulation of these 

molecules in the arid ecosystems. Furthermore, even though there was no difference 

between samples in the concentration of Ala, it was one of the most abundant amino 

acids. To explain this behavior, we could rely on the study of other plants, since it 

has been reported that along with Val, Pro, Asp, and Glu, Ala is released by barley 

under Zn deficiency and aids to the selection of bacteria able to enhance its 

availability (Rengel 2015). Zinc is a yield-limiting micronutrient readily adsorbed into 

insoluble forms in calcareous soils such as those from the Chihuahuan desert 

(Weldua, Haileb and Habtegebrieb 2012). It is possible that the concentration of 

some of these amino acids in the rhizosphere of younger lechuguilla may be related 

to the lower availability of Zn, than in mature plants. Moreover, some of the strains 

related to the Zn solubilization are among the beneficial genera Azospirillum, Bacillus, 

Rhizobium, and Pseudomonas (Kamran et al. 2017; Eshaghi et al. 2019), which had 

higher relative abundance in the rhizosphere of lechuguilla. 

Furthermore, another osmolyte associated with low SM and salinity tolerance is Pro 

which aids the plant to keep the cell turgor, prevent electrolyte leakage, and even 
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maintain reactive oxygen species at standard rates (Hayat et al. 2012). In the 

rhizosphere of lechuguilla, according to the PCA, higher concentration of Pro was 

related to young agaves (Figure 2.3.2). However, this mechanism may also be 

implemented by bacteria exposed to the harsher conditions of the arid land (Bobille 

et al. 2019), like those in bulk soil, since they do not have the shelter from the plant. 

As such, it may explain the higher abundance of functions related to the production 

of Pro in bulk soil (Figure 2.3.10). On the same note, other metabolites used to 

increase their tolerance against water deficiency are betaine, glutamine, trehalose, 

and exopolysaccharides (Paul and Nair 2008; Hayat et al. 2012; Vurukonda et al. 

2016), all of which were enhanced in the communities from bulk soil where could be 

related with the increased abundance of Actinobacteria, a phylum which includes 

several mechanisms for drought tolerance (Niu et al. 2021). 

Lastly, the lower concentration of amino acids in the rhizosphere of mature 

lechuguilla than young plants or bulk soil could be attributed to a different strategy 

of the plant stage. It has been proposed that younger plants release higher amounts 

of amino acids than in late stages. Pereira et al. (2020) proposed that as younger 

plants require high amounts of nutrients for biomass production, so the nutrient 

transport patterns may favor the release of root exudates (Pereira et al. 2020). For 

example, in soils from successional vegetation of fast growth, Ala, Pro, and Glu were 

found in higher concentrations than mature ecosystems (Henry and Jefferies 2002), 

whose higher concentrations were related to the rhizosphere of young lechuguilla 

samples. 

As we can see, the production of some amino acids may respond to abiotic stimuli; 

however, further studies may be needed to understand the physiological changes in 

the plants that permit the release of specific components in the root exudates, as 

well as its influence on the bacterial communities. 
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 2.4.3  The rhizobacterial community of lechuguilla heightened plant-

growth-promoting functions and the tolerance functions of the 

communities from bulk soil. 

The bulk soil communities are exposed to environmental conditions which may be 

harsher without the aid of a nursing plant (Bashan and De-Bashan 2010). In addition 

to osmolytes, we found that the potential functions of the bacterial community in bulk 

soil include other mechanisms to tolerate arid conditions. For example, the intense 

UV radiation in the arid ecosystems is harmful to bacteria, as they can die by 

exposure damage in its structures (Vélez et al. 2018). However, bacteria have 

functions to preserve the integrity of their DNA, such as nucleotide excision repair 

(Rouws et al. 2013), which we found to be in higher abundance in bulk soil samples 

than in young plant rhizosphere and lower still in mature communities (Figure 2.3.9). 

This difference could evidence the tolerance of the bacterial communities in bulk soil 

and how the host protection to the rhizospheric microbiota grows with the plant stage. 

Another mechanism of protection in the bacteria is the formation of biofilm which 

provides tolerance to bacteria in the soil against abiotic stress like pH and osmotic 

changes, evaporation, and UV radiation (Kokare et al. 2009). In our samples, bulk 

soil bacteria showed a higher abundance of biofilm-related functions than 

rhizobacterial communities (Figure 2.3.10), which could be explained by the high 

abundance of Actinobacteria in said samples. The phylum is widely spread on some 

of the most extreme ecosystems, like the Atacama Desert (Bull et al. 2016), and 

includes bacteria with multiple tolerance mechanisms to abiotic stress and 

competence against other bacteria, such as biofilm production, siderophores, and 

an ample variety of antibiotics (Rateb, Ebel and Jaspars 2018; El Othmany et al. 

2021), functions that were more abundant in bulk soil than the rhizosphere of 

lechuguilla. Along with Actinobacteria, another abundant phylum in bulk soil was 

Chloroflexi, which had been reported to have an essential role in biofilm production 

(Kindaichi et al. 2012). Consequently, both of them could explain the abundance of 

biofilm related functions and it use as a strategy in bacterial communities exposed 

to arid conditions. 
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In the young lechuguilla rhizosphere, we found an increased potential biosynthesis 

of peptidoglycans, which supports the previous statement about the stress to which 

rhizobacteria of young lechuguillas are exposed. Glycans, exopolysaccharides, and 

lipopolysaccharides are structures attached to the surface of bacteria and biofilm 

components that work as an energy reserve, are involved in plant-bacteria 

communication, and thus, are related to the first stages of microbial infection of 

pathogens (Oldroyd 2013; Sánchez-Cañizares et al. 2017; Arnold et al. 2018; 

Chaliha et al. 2018) and beneficial bacteria alike (Wanke et al. 2021). For example, 

several strains of biofilm-producing Pseudomonas and Bacillus had shown 

mechanisms for nutrient solubilization, nitrogen fixation, production of 

phytohormones and siderophores, and enhanced the salinity tolerance of the host 

(Kasim et al. 2016; Haque et al. 2020). For rhizobia, glycans aid in the suppression 

of the immune response of plants and the establishment of bacteria, nodulation, and 

survival of the bacteroids (Gully et al. 2016). Also, in mature plants, the enhanced 

quorum quenching-related functions could be associated to the suppression of 

biofilm production and bacteria colonization (Azman et al. 2019), which suggests an 

extra resource of competition between the microbiome and biocontrol protection for 

the host. 

On the same note, antibiotic-related functions and stimulants of immune response 

had higher relative abundance in the rhizosphere of lechuguilla than bulk soil. 

Antibiotics are competence mechanisms between microorganisms that could be 

used in the bacterial community to eliminate the contestants for nutrients or space 

(Crépin et al. 2012). However, the production of these compounds varies between 

species, abiotic conditions, and C sources (Coulthurst, Barnard and Salmond 2005). 

Some of the functions related to the production of antibiotics found in the rhizosphere 

of lechuguilla were phenazine (Mavrodi, Blankenfeldt and Thomashow. 2006), 

streptomycin (Ohnishi et al. 2008), and betalain, which is not an antibiotic but it does 

stimulate the immune defense system of the host (Moola and Diana 2019). Betalain 

favor the production of secondary metabolites and has similar Tyr precursor of EPS 
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(Steiner et al. 1999; Contreras-Llano et al. 2019), which could explain its influence 

over the rhizobacterial community of both lechuguilla stages. 

Protection and communication mechanisms, as well as nutrition and transport were 

abundant functions in the bacterial communities of lechuguilla and bulk soil, however, 

there was a clear difference between the use of C sources in the rhizosphere and 

the scarce resources from bulk soil. For example, Chloroflexi could be partially 

responsible for the increased functions concerning the autotrophic metabolism to 

acquire nutrients. Photosynthesis is a mechanism of autotrophic organisms to 

convert light into chemical energy to produce organic carbon compounds 

(Blankenship 2010). Different types of bacteria perform this process, and taxa from 

Chloroflexi are some examples (Hoff and Deisenhofer 1997; Garrity et al. 2001). 

Which could explain the higher abundance of these functions in the bulk soil, a space 

where bacteria are exposed to UV radiation, but organic matter and root exudates 

are restricted. 

Meanwhile, in the rhizosphere of lechuguilla, with the root exudates, bacteria had an 

ample source of C compounds in the form of sugars, organic acids, amino acids, 

and other metabolites that serve as chemo attractants and substrates (Zhalnina et 

al. 2018; Vives-Peris et al. 2020). This influence could be demonstrated in the 

rhizospheric samples, as functions related to the metabolism of carbon sources may 

evidence heterotrophic behavior. For example, propanoate and butanoate, which are 

associated to autotrophic processes and uptake of diverse carbon sources (Flores-

Nuñez et al. 2020), showed a lower abundance of related functions to their 

metabolism in the rhizosphere of lechuguilla than bulk soil. Instead, the host-related 

communities, had a high relative abundance of functions for the metabolism of 

carbon sources from the citrate cycle, glyoxylate, and carboxylate (Figure 2.3.7), 

thus suggesting that this microbiome utilizes C sources from root exudates. Other 

carbon sources drawn on by rhizobacteria could be related to phosphorus 

compounds, which implies the importance of this element and its source; however, 

lower biosynthesis of fatty acids could be related to lower P availability (Geiger et al. 

1999). The enhanced metabolism of sphingolipids in rhizobacterial communities 
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could also evidence the recycling of organic forms to obtain phosphorus. 

Sphingolipids are essential components of eukaryotic cells, and the ability to 

metabolize them had been related to the first stages of the infection of bacteria such 

as Legionella, Pseudomonas, Neisseria, Staphylococci, Mycobacteria, Helicobacter, 

or Clostridia (Rolando and Buchrieser 2019; Stankeviciute et al. 2019). Accordingly, 

our data suggest that rhizobacterial communities tend to use organic sources to 

obtain phosphorus, increasing the functions of mineralization and transporters of P, 

while in the bulk soil community, inorganic P solubilization, was favored (Figure 

2.3.10). Furthermore, the same preference for organic P sources, over inorganic P, 

has been identified in Bacillus dominated soil in Pozas Azules and Churince in 

Cuatro Ciénegas, Mexico (Tapia-Torres et al. 2016). 

Mineralization also had an essential role in the nourishment of the microbiome from 

the rhizobacterial communities. Denitrification is the respiration process in bacteria 

by which the soluble nitrogen forms (NO2 and NO3) are reduced to gas like nitric 

oxide (NO), nitrous oxide, and atmospheric nitrogen (N2) (Giri et al. 2005). The 

enhancement of the abundance of taxa related to denitrification in the rhizosphere 

of lechuguilla, and plants in general, can be associated with the availability of organic 

matter and the consequent high rates of mineralization and denitrification 

(Christensen et al. 1990), a process facilitated by the O2 from the water-logged roots 

and root exudates (Arth and Frenzel 2000), which agree with the higher SM and 

denitrification function in the rhizosphere of young lechuguilla than bulk soil. 

Other PGPR traits enhanced in the rhizosphere of lechuguilla were related to the 

tolerance against abiotic stress and plant-growth promotion. The first corresponds 

to 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, an enzyme able to 

degrade ethylene precursor ACC, a compound that can inhibit the elongation of the 

plants and promotes its senescence (Saravanakumar and Samiyappan 2007). The 

second trait, indole-3-pyruvic acid, is an auxin that stimulates the growth of biomass 

in the plants and has been found in Acinetobacter, Azospirillum, Bacillus, Klebsiella, 

Pseudomonas, and Rhizobium (Meena 2018); some of which were found in the 

rhizosphere of lechuguilla (Figure 2.3.11). 
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However, even though functional prediction is a valuable method to characterize the 

bacterial communities, it is essential to view these results cautiously since they are 

mainly based on theoretical assumptions (Kavamura et al. 2018). 

 2.4.4  Amino acids in the root exudates of lechuguilla influence 

enzymatic activity and abundance of NFB and OPMB 

Other mechanisms enhanced in the rhizosphere of lechuguilla to obtain nutrients 

were those related to the nitrogen fixation and the mineralization of organic 

phosphorus, which are helpful for plant development and could be improved by the 

amino acids contained in the root exudates. Nitrogen fixation is an essential process 

for nutrient recycling and the sustenance of the plants, as it is one of the few forms 

in which nitrogen is incorporated into the soil (Gaby and Bucley 2014). As part of this 

enhanced process in the rhizosphere, the flavonoid-related functions were also 

increased. Flavonoids are compounds that stimulate the expression of Nod genes in 

rhizobia to start the symbiosis process with host plants, and even in no-nodulating 

plants are employed for chemotaxis of diazotrophic bacteria like Azospirillum 

(Coskun et al. 2020). 

While a significant part of the NFB found were unknown taxa in the bulk soil and 

young lechuguilla communities, Nostoc was one of the most abundant genera. 

Cyanobacteria are organisms widely spread in arid lands, aided perhaps by its 

photoautotrophic metabolism and the formation of heterocysts to isolate the 

nitrogenase since these enzymes are oxygen-sensitive (Herrero, Muro-Pastor and 

Flores 2001). These traits could be highly beneficial under the oligotrophic root-free 

soil and the earlier stages of the lechuguilla, where the plant still has yet to develop 

its full size and is recruiting its microbiome. 

The rhizobacterial community of mature lechuguilla had a broad diversity of 

diazotrophic bacteria, and according to nifH gene sequencing, the most abundant 

taxa were unknown bacteria, followed by genera from Proteobacteria like 

Acidithiobacillus, Azospirillum, Burkholderia, Escherichia, Gluconobacter, 

Pseudomonas, and Sinorhizobium, which had been reported to possess more plant-

growth promotion traits, such as the production of phytohormones and osmolytes 
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(Mandon et al. 2003; Spaepen et al. 2008). For example, during the colonization of 

Azospirillum, the bacteria can reduce nitrate to produce NO, and this compound is 

associated with auxins pathway, which controls the root growth (Vacheron et al. 

2013). Similar results were found in cacti from the Sonoran Desert, where 

Azospirillum, Pseudomonas, and Rhizobium were widely distributed (López-Lozano, 

Carcaño-Montiel, and Bashan 2016). However, most of the sequences were not 

related with the GenBank NCBI database. 

Furthermore, according to the linear models, we found that the taxa recruited in the 

rhizosphere of lechuguilla and its soil physicochemical properties were related to the 

enhanced activity of NFB, explaining up to 67.53% of the variation (Figure 2.3.12). 

Among the most critical soil properties included in the model were C:N, Mn, Fe, Zn, 

and N inorganic forms. Nitrogen availability is probably easy to explain since the N2 

reduction is energy demanding and utilizes up to 16 ATP molecules per each 

molecule of N2 reduced (Bahuguna and Pal 2011), so the bacteria need carbon 

sources balanced with the availability of nitrogen, which is reflected in the C:N ratio. 

The metallocluster in each nitrogenase component and its use as catalytic core, 

explains the influence of Fe, Mn, and the simultaneous increase of the activity with 

their concentrations (Byer et al. 2015). However, it has been found that 

concentrations above 0.2% of these elements can suppress the nitrogenase activity 

of diazotrophic bacteria (Gulten, Gonul and Sedat 2007; Karimi et al. 2021). As for 

the influence of the composition of the bacteria, it may hint at the importance in the 

selection of specific microbiota in the rhizosphere of the lechuguilla, where the most 

relevant ASV, were Bacillus, Escherichia, Nostoc, Pseudomonas, and Unknown taxa 

(Figure 2.3.13). 

On the same note, even though a relation had been found between the nitrogenase 

activity and the amino acid concentration (Yousef et al. 2012), the results suggested 

that amino acid concentration was related to the abundance of the nifH gene. The 

amino acids included were Met, Lys, and Thr, with a matching contribution to the 

clustering of mature plant samples on one side and young lechuguilla rhizosphere 

and bulk soil on the other (Figure 2.3.13). Tough little is known about the effect of 
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bacteria in the production of amino acids by plants, it has been found that the 

inoculation of strains of Agrobacterium, Bacillus, Pseudomonas, and Rhizobium 

increased the concentration of amino acids like His, Arg, Asp, and Tyr in the roots 

and leaves of Datura stramonium (Rahmoune et al. 2019). In the case of 

Pseudomonas, it has been found that it could increase the exudation of amino acids 

in maize (Phillips et al. 2004). Likewise, the improvement of amino acids in the plants 

could be related to the diazotrophic activity of the microbiome, since the bacteria 

increase the availability of nitrogen for the host, the plants tend to storage C and N 

sources (Moe et al. 2013), as amino acids pools (Hildebrant et al. 2015). For example, 

Hutapea et al. (2018) observed that inoculation with rhizobia increased the 

concentration of proteins and amino acids like Met and His in leguminous plants. 

Thus, we could consider a direct influence of the bacteria with the amino acids in the 

rhizosphere since it had been observed that NFB release amino acids into the soil 

(González-López et al. 2005). This trait coincides with the high concentration of Arg, 

Asp, His, and Tyr with the pattern of the relative abundance of nifH, which seemed 

to have the high concentration/abundance in mature plants. 

Up to this point, we have observed that the activity of enzymes is related to the 

concentration of nutrients available in the organic matter for the microbiome (Tapia-

Torres et al. 2015), a pattern that may be just as necessary for the OPMB. The 

sequencing of the phoD gene revealed that most of the OPMB in our samples were 

from the phylum Firmicutes, and the most abundant by far was Bacillus. Firmicutes 

is a phylum known for its tolerance to extreme conditions (Galperin et al. 2013), and 

Bacillus, the most abundant genera found in our samples, is also a generalist widely 

spread in multiple environments and easily adaptable to different rough conditions 

(Torres et al.2018). One of its tolerance mechanisms is the ability to form spores, in 

which it can stay in dormancy for years till the conditions are manageable (Khanna, 

Lopez-Garrido and Pogliano 2020). Moreover, in the Chihuahuan Desert, Bacillus 

has been identified as some of the most abundant taxa, and to supply its high 

demand of phosphorus for their cellular wall, they can produce phosphatases (Tapia-

Torres et al. 2016). In addition, even under the limiting availability of phosphorus, 
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Bacillus can use different forms of P oxidation, an advantage over other taxa in an 

oligotrophic environment like our study site (Tapia-Torres and Olmedo, 2018). This 

versatility, suggest a great importance of Bacillus in the availability of P in the 

Chihuahuan Desert. 

Beyond the composition of the OPMB, other unknown factor may be responsible of 

the difference in the enzymatic activity and abundance of OPMB. In this regard, we 

found that APM activity was higher in the rhizosphere of both stages of lechuguilla, 

while the copy number of the phoD gene only was increased in the mature stage of 

the plant, and according to the linear model, soil physicochemical properties and 

amino acids composition are significant. Like nitrogenase, micronutrient 

concentration influenced APM activity and could relate to their role in the enzyme as 

a component of the catalytic centers (Zappa et al. 2001). Moreover, APM activity 

seemed to be restricted by a high C:N ratio, which implies unbalanced carbon and 

nitrogen concentration and thus a halt in the metabolism of the bacteria (Su et al. 

2015); a concentration that may be related to the availability of amino acids (Ma et 

al. 2017). For example, it had been suggested that the microorganisms can 

metabolize Ala more easily (Ma et al. 2017), which could lead to the increase of the 

biomass and thus explain, its influence on the abundance of phoD. Besides, the 

more complex amino acids like Arg or Met could have favored the APM activity since 

they offer more nutrients than those with short C chains. As mentioned before, Arg 

is an essential nutrient store, and its versatile metabolism can produce several 

compounds like NO, urea, ATP, ornithine, and other amino acids (Morris 2004; Witte 

2011); which had been found to accumulate in vegetal tissues as a response to P 

deficient conditions and inhibition of the plant growth (Rabe and Lovatt, 1986). In 

turn, Met is involved in the initiation and stability of proteins; and provides them with 

resistance to oxidation (Si et al. 2020). Even an increased activity of the APM had 

been reported with Met as substrate; however, the mechanisms are not precise 

(Spohn, Ermark and Kuzyakov 2013). 

Likewise, the negative relationship that suggest the amino acids with the OPMB in 

the components of the model (Figure 2.3.14), had been reported in previous works, 
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though the mechanisms remain unclear. For example, Tavakoli et al. (2019) found 

that Leu, Ala, and Val had an inhibitory effect on alkaline phosphatases. Bodansky 

(1948) proposed that while low concentrations of amino acids like Gly increase the 

APM activity, higher doses may decrease it and suggested that the inhibition could 

be related to the presence of the free carboxyl and amino groups of the biomolecule 

since the esterification of the carboxyl groups reverted the inhibition of the 

phosphatases (Bodansky 1948). Others suggest that amino acids may prevent water 

access to the enzyme which is essential for the hydrolysis of organic phosphorus 

(Fernley and Walker 1970). Still, further research is needed to test the influence of 

amino acids over the enzymatic activity and abundance of PGPR. 
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 2.5  Conclusions 

We studied the effect of amino acids over bacterial composition in the rhizosphere 

of A. lechuguilla T. from the Meseta subregion in the Chihuahuan Desert and the 

nutrient-improvement bacteria activity. To understand the mechanisms that support 

the bacterial community and its interaction with its host, we studied the theoretical 

functions of the community and the diversity, enzymatic activity, and abundance of 

NFB and OPMB. In this regard, we found that lechuguilla plants improve the nutrient 

availability in the soil. As seen in different plants, root exudates contain a significant 

percentage of the assimilated carbon and nitrogen, thus shaping the conditions that 

recruit the rhizobacterial community. 

In addition, the structure and functions of the bacterial community could have been 

influenced by the amino acids, which reflected the growth stage and abiotic 

conditions at which lechuguilla was exposed. Among these metabolites, we found 

that bulk soil communities seemed to be influenced by Leu and were potentially 

equipped to tolerate abiotic stress and oligotrophic conditions. At the same time, the 

amino acids Arg and Tyr were related to the rhizobacterial community of lechuguilla, 

where the most abundant phyla were Proteobacteria and Bacteroidetes, with several 

plant growth-promoting traits in the community. Likewise, the most common 

mechanisms of the rhizobacteria were the mineralization of organic phosphorus, 

nitrogen-fixing activity, antibiotic production, phytohormones, and quorum quenching, 

while bulk soil community seem to favor functions related to the tolerance against 

abiotic stress. 

Lastly, we found that the enzymatic activity and abundance of nutrient-improvement 

bacteria like NFB and OPMB were increased in the rhizosphere of lechuguilla, mostly 

the mature stage, and that this response was related to soil properties, amino acids 

composition, and the bacterial community composition. OPMB was mainly 

composed of Bacillus, a tolerant taxon with several mechanisms to overcome the 

harsh conditions of the Chihuahuan Desert, while NFB included diazotrophic 

organisms from Proteobacteria, Cyanobacteria, and Firmicutes; however, a large 
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part of the diazotrophic bacteria could not be identified, especially in the bulk soil 

samples; which demonstrate the bast unexplored diversity. Both functional groups 

showed influence by nutrient composition, especially nitrogen forms and 

micronutrients. As for the amino acids, Arg and Met were some of the most relevant 

for the enhancement of the enzymatic activity of NFB and OPMB; and even though 

we can hint at their importance as structural components the mechanisms for the 

increase of the enzymatic activity are not completely clear, thus the need to further 

research to clarify their role in the bacterial communities. Besides, since the 

rhizosphere is subjected to the depositions of plants, it is possible that some of the 

amino acids in the soil came from the biosynthesis process from bacteria. This work 

provides valuable information since it tries to conjugate the influence of the abiotic 

variables over the root exudates released by the plant and the resulting recruited 

bacteria and the benefits that offer the microbiome to the host so it can tolerate the 

arid conditions and improve the nutrient availability (Figure 2.5.1).  
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Figure 2.5.1. Selection of PGPR in the rhizosphere of Agave lechuguilla T. by amino acids from its 
root exudates. Exposed to less water and nutrient availability, the bacterial communities seemed to 
be influenced by the presence of Leucine (Leu) and have tolerance mechanisms like the production 
of osmolytes, biofilm production (A), phosphorus (P) solubilization (B) and siderophore transport for 
iron (Fe) obtention (C). The communities associated with young lechuguillas share some similarities 
with those in bulk soil such as nucleotide excision repair mechanism (D) and the increased 
abundance of Nostoc a Cyanobacteria able to perform photosynthesis and nitrogen fixation (E). In 
addition, the production of volatile organic compounds (mVOC) of bulk soil communities is also 
present in the bacterial community in the rhizosphere of mature lechuguillas (F). The release of amino 
acids like Tyrosine (Tyr) and Arginine (Arg) from lechuguilla may improve the selection of PGPR with 
mechanisms that favor the production of ACC deaminase to prevent ethylene production as response 
to abiotic stress (G); or the production of antibiotics and phytohormones (H), especially in the more 
susceptible stages of young lechuguilla. In mature lechuguilla, the high abundance and activity of 
nitrogenase and alkaline phosphomonoesterase (I) seemed to be related to Arg, Methionine (Met); 
and the concentration of micronutrients and nitrogen sources available in the rhizosphere, which 
increased with the plant stage. Furthermore, among OPMB, Bacillus was a dominant genus that 
gradually decreased with the growth stages of lechuguilla. Nitrogen fixing bacteria associated to 
mature lechuguilla were among Proteobacteria like Pseudomonas, Azospirillum, Gluconobacter, 
Sinorhizobium, and Acidithiobacillus. 
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Chapter 3.  Arginine and methionine increase the enzymatic 

activity of nutrient-improvement bacteria and the mineralization of 

organic nitrogen sources in arid soil from the Chihuahuan Desert. 

 3.1  Introduction 

The rhizosphere is a nutrient-rich space around the roots that receive up to 20% of 

photosynthetic carbon from the plant (Richardson and Simpson 2011). The mix in 

the root exudates is mainly composed of sugars, organic acids, amino acids, and 

other low molecular weight organic substances (Stintzing and Carle 2005; Tao et al. 

2020), which increase the microbial biomass and preferentially recruits plant-growth-

promoting rhizobacteria (PGPR) (Farrar et al. 2003; Huang et al. 2014). As such, the 

presence of these beneficial bacteria in the rhizosphere aids the plant through 

different mechanisms like nutrient availability enhancement, biological control 

against pathogens, phytohormones production, and favor the tolerance of plants to 

abiotic stress (Selvakumar et al. 2014; Olanrewaju et al. 2017; Jeyanthi and 

Kanimoshi, 2018). These traits are even more valuable in arid environments where 

the plants are subjected to low water levels, high UV radiation, salinity, alkaline soils, 

and nutrient deficiency (Gamalero et al. 2020). 

Nitrogen-fixing bacteria (NFB), for example, include a extensive diversity of taxa 

distributed in all ecosystems (Dos Santos et al. 2012; Pereira and Silva, 2013), 

where they are closely related to the nitrogen cycle (Jones and Darrah et al. 1994; 

Phillips et al. 2004). It is estimated that up to 70% of the nitrogen needed in crops is 

contributed by diazotrophic organisms (Yoneyama et al. 2017), either as endophytes 

or free-living organisms (Ma et al. 2003; Bahulikar et al. 2014). In turn, organic 

phosphorus mineralizing bacteria (OPMB) liberate phosphorus (P) from organic 

compounds by the action of phosphatases (Eder et al. 1996). Several phosphatases 

intervene in P mineralization, including phosphomonoesterases, 

phosphodiesterases, phytases, and phosphonatases (Rodríguez et al. 2006; Stout 

et al. 2014). Since organic P is probably the primary P source in the soil, OPMB are 

essential for the nutrient availability (García-Oliva et al. 2018). 
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The importance of NFB and OPMB among other PGPR for the improvement of the 

nourishment of plants has been reported (Coleman-Derr et al. 2016; Santos et al. 

2019; Flores-Núñez et al. 2020), and their recruitment in the rhizosphere has been 

associated with the release of root exudates, that through their high concentration of 

carbon, enhance its availability (Dechassa and Schenk 2004), and in the case of 

organic acids, contribute to the mobilization of the organic matter in the soil (Shi et 

al. 2011). For example, organic acids such as tartaric acid produced by the 

crassulacean acid metabolism (CAM) plant Sedum alfredii can solubilize nutrients 

from the soil and aid in their mobilization (Tao et al. 2020). Oxalic acid is also a known 

solubilizing agent of mineral phosphates in soils (Jiang et al. 2020), and it had been 

related with a ‘priming effect’ in the microbial activity in amended soils, that may 

affect a specialized group of microorganisms in contrast to the less specific use of 

sugars (Landi et al. 2006). 

Sugars, exert chemoattraction towards microorganisms and thus have an essential 

role in microbial selection (Feng et al. 2018). Even though the composition of root 

exudates depends on the plant species and age (Gransee and Wittenmayer 2000), 

the most common sugars identified in the root exudates include glucose, fructose, 

sucrose, ribose, xylose, and arabinose (Giri et al. 2005; Badri et al. 2013; Meier et 

al. 2017; Zhang et al. 2020). In general, these compounds had been related to the 

presence of PGPR (Vives-Peris et al. 2020). For example, sucrose metabolism has 

been associated to the symbiotic N fixation in the nodules (Hennion et al. 2019), 

Rhizobia in the nodules of legumes receive sugars in exchange of fixed nitrogen 

(Bezrutczyk et al. 2018), and the aggregation of Azospirillum brasilense to the root 

surface increases with the addition of plant-derived sugars (Marini et al. 1995). While 

other PGPR from the Bacillus genera, have shown a better response to amino acids 

than sugars or organic acids (Feng et al. 2021). 

Amino acids are the most abundant in the root exudates (Paungfoo-Lonhienne et al. 

2008; Ma et al. 2017), and offer structural components for protein synthesis or 

essential elements after being metabolized (Jones and Darrah 1994). Previous 

studies in arid lands from the Chihuahuan Desert, showed that the rhizobacteria 
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associated to Agave lechuguilla Torrey, favored the recruitment of PGPR thorough 

the plant-growth (Medina-de la Rosa et al. 2021); and that Methionine (Met) and 

Arginine (Arg) may increase the enzymatic activity and abundance of NFB and 

OPMB (Chapter 2). However, the mechanisms for this increment are not completely 

clear and despite their importance, there are few studies about the influence of 

specific components of the plant root exudates over the enzymatic activity and 

abundance of the bacterial community, and even less regarding the root exudates of 

CAM plants from arid lands. Thus, to understand the influence of the root exudates 

over nutrient-improvement bacteria, we proposed to identify and test different 

metabolites from the model plant, A. lechuguilla T., in the heterogeneous bacterial 

community of bulk soil. We hypothesized that the metabolites identified in lechuguilla, 

would increase the abundance and enzymatic activity of NFB and OPMB, and thus 

the availability of nutrients in bulk soil samples. The specific objectives of this work 

were: 1) Evaluate the variation in the abundance and enzymatic activity of NFB and 

OPMB as a result of the treatment with lactose, maltose, oxalic acid, tartaric acid, 

methionine, and arginine identified in the rhizosphere of lechuguilla in bulk soil 

samples to avoid the influence of other root exudates. The activity of the enzymes 

to quantify were nitrogenase and two types of alkaline phosphatases (mono- and 

diesterase types). 2) Determine the change in the dynamic of nitrogen and 

phosphorus concentration in the soil samples after the metabolite treatment. This 

work is another step to solve the complex mechanisms that maintain plant-bacteria 

interactions. Furthermore, this information may help to improve the establishment of 

PGPR as an aid to plants in restoration programs and crops since these bacteria are 

already tolerant to harsh conditions of arid lands. 
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 3.2  Methods 

 3.2.1  Sampling site 

The soil samples for the experiment were collected from the previously studied site 

in the Chihuahuan Desert at Los Amoles in San Luís Potosí, Mexico. The site is 

located at 1,443 m. The climate is hot semi-arid (Bsh), with annual precipitation of 

667.4 mm and temperatures from 17.6° C to 24.6°C. The vegetation is dominated 

by desert shrubs like cacti, agaves, and Yucca woodlands, with large patches of 

lechuguilla known as “lechuguillales” (Zavala-Hurtado and Jiménez 2020). 

We selected four pairs of mature and young agaves, at least 2 m apart, to guarantee 

the sampling from different specimens (Trame et al. 1995), and collected about 1 kg 

of the closest soil to the roots in four points, within the circumference of the plant and 

10 cm below the surface. Similarly, we collected four samples of root-free soil and 2 

m afar from any plant, following the same depth parameters as in the rhizosphere 

samples. The subsamples were homogenized, oven-dried till constant weight at 

60°C, sieved, and kept at 4°C till the identification of the metabolites. 

 3.2.2  Metabolite selection 

The amino acids were identified in soil samples with the AcQTag TM Ultra 

Derivatization Kit (Waters) and read with high-performance liquid chromatography 

with a fluorescence detector. The soil was degreased with hexane and hydrolyzed 

in a dry bath at 115°C with hydrochloric acid. After that, the samples were 

reconstituted, derivatized, and read. Methionine (Met) and Arginine (Arg) were 

selected according to the results from previous studies, as these may be related with 

the structure of the rhizobacterial community, especially of the nutrient-improvement 

bacteria from the rhizosphere of A. lechuguilla T. (See Chapter 2). The concentration 

of amino acids in the rhizosphere of mature plants was 0.36 mg g-1 dry soil for Arg 

and 0.12 mg g-1 for Met (Table 2.3-2). 

The sugars and organic acids were identified and semi-quantified with thin layer 

chromatography (TLC). First, the metabolites were extracted from 40 g of sieved 



108 

 

rhizospheric soil (33 mm) with a solution of methanol (MeOH), distilled water, and 

formic acid (50:49.95:0.05) (Pétriacq et al. 2017). The mix was shaken for one hour 

at 120 revolutions per minute (rpm) and centrifuged at 4500 rpm for 10 min. The 

supernatant was collected and filtered (Whatman®, Grade 42). Then, the MeOH was 

eliminated from the samples at 50°C (40 rpm) in a rotavapor Büchi. Finally, the 

samples were frozen dried and kept at -80°C for storage. 

 

Figure 3.2.1.Identification and semi quantification of sugars and organic acids in the rhizosphere of 
A. lechuguilla T. A) Sugars identified in the rhizosphere of mature lechuguilla (MP) were designed as 
lactose and maltose. B) In the rhizosphere of mature and young lechuguilla (YP), the organic acids 
were similar to oxalic and tartaric acids. C) The semi quantification was performed with different 
concentrations of maltose as reference (1 to 0.125 µl µg-1). The bands in the rhizosphere samples 
were similar to the spots in 0.5 and 0.25 µl µg-1. 

The assay with the metabolites was carried on aluminum TLC plates precoated with 

silica gel and fluorescent indicator F254 (Macherey-Nagel). About 2.5 mg of each 

extract was dissolved in 500 µl MeOH and run alongside standards. The mobile 

phase for sugars was a modification to the method of Han and Robyt (1998), with 

acetonitrile and water (90:10) (Han and Robyt 1998); the plates were sprayed with 
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a solution of 0.1 N ceric sulfate and 2 N sulfuric acid (1:2), and heated for final 

development (Fell 1990). Meanwhile, the eluent for organic acids was a mix of water, 

butanol, and formic acid (50:40:10); the spots were developed with methyl red and 

bromophenol blue (1:1) in 70% ethanol (Lee et al. 2001). 

The sugars lactose and maltose and the organic acids oxalic and tartaric were 

identified in the root exudates of the rhizosphere of lechuguilla at an estimated 

concentration between 0.5 and 1.5 µg g-1 dry soil (Figure 3.2.1). 

 3.2.3  Soil conditioning 

A second sampling was made to collect soil to test the metabolites immediately 

before the experiment setup. Bulk soil samples were taken from interspaces without 

plant influence, 2 m of distance from any plant, and within the first 10 cm below the 

surface. About 2 kg of soil were collected and transported to the laboratory, where 

the soil was sieved (2 mm) and kept in a growth chamber at 27°C to 28°C, with 60% 

humidity. After that period, the soil was weighed and separated into four bags with 

about 2.5 kg each. The samples were conserved in the growth chamber till the 

experiment setup (60 h). 

 3.2.4  Treatments and soil incubation 

The treatments consisted of six metabolites: lactose, maltose, oxalic acid, tartaric 

acid, arginine, and methionine. Each metabolite was tested in three different 

concentrations and the four repetitions were set up in blocks, each 24 h to facilitate 

the processing of the samples. 

The conditioned soil was distributed in separate bags, each with 90 g of soil 

moisturized with 20 ml of a sterilized solution of the corresponding metabolite (Figure 

3.2.2). The mix was homogenized and incubated for 7 days in a growth chamber 

(27°C to 28°C, 60% humidity, and 12 h of light). Each repetition followed the same 

procedure. At the end of the incubation period, all the samples were stored at 4°C 

till their processing. 
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Figure 3.2.2. Experimental design for individual test of metabolites identified in the root exudates from 
lechuguilla. Each metabolite was tested at three different concentrations, with four repetitions set up 
as blocks. The control treatment consisted of sterilized distilled water. 

 3.2.5  Enzymatic activity quantification 

As the nitrogenase activity was quantified with the acetylene reduction method, the 

treated soils were deposited in serologic flasks and sealed with rubber stoppers and 

aluminum caps. About 20% of the headspace air was replaced with acetylene and 

incubated alongside the rest of the treatments. The nitrogenase activity was 

quantified through the ethylene production in a gas chromatograph Agilent 6890 GC 

N.05.04 with a flame ionization detector. The calculations were made according to a 

standard curve of ethylene (0.3-2.1 nmol) (López-Lozano, Carcaño-Montiel and 

Bashan 2016). Results were listed as nmol C2H4 kg-1 day-1. 

Both alkaline phosphomonoesterase (APM) and phosphodiesterase (APD) were 

determined with the colorimetric method of Tabatabai and Bremner (1969). Briefly, 

0.5 g of soil was mixed with 2.375 buffer Tris 0.5 M (pH 11) and 0.125 ml of the 

substrate; p-Nitrophenol phosphate (Sigma-Aldrich P7998) for APM and Bis(4-

nitrophenyl) phosphate (Sigma-Aldrich 123943) for APD. The mixture was incubated 

at 37°C while stirring at 150 rpm for 30 min. The reaction was terminated with 2 ml 

of 0.5 M NaOH and 2 ml of 0.5 M CaCl2. The blend was centrifuged at 2,500 rpm for 

5 min, and the absorbance of the supernatant was read at 405 nm (Tabatabai and 

Bremner 1969). Blank samples without the substrate and a standard curve of p-

nitrophenol (0 to 180 pNP) were run alongside the samples. The results are reported 

as µg pNP g-1 h-1. 
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 3.2.6  nifH and phoD genes abundance 

First, the DNA extraction was performed with the DNeasy® PowerSoil® Kit (Qiagen®), 

following the manufacturer instructions. The quantification of the nifH and phoD 

genes present in NFB and OPMB, respectively, was conducted with the real-time 

polymerase chain reaction (qPCR) in the PikoReal 96 Real-Time PCR system 

(Thermo Fisher Scientific Inc., TCR0096). Previously, it was verified that the DNA 

concentration employed did not hinder the reaction. 

The reaction for the nifH gene had a final volume of 10 μl, which included: 5 μl of 2X 

SYBR Green, 0.3 mM PolR (5’-ATSGCCATCATYTCRCCGGA-3’) (Poly, Monrozier 

and Bally 2001), 0.15 mM FPGH19 (5’-TACGGCAARGGTGGNATHG-3’) (Simonet 

et al. 1991), and 1 μl DNA (1:20). The reaction was carried on with an initial 

denaturation of 10 min (95°C), 40 cycles: denaturation (94°C), alignment (57°C), and 

extension (72°C), 1 min each; the final step was an extension of 5 min at 72°C 

(Simonet et al. 1991). 

For the OPMB, the abundance of the phoD gene was determined with a 10 μl 

reaction constituted of 5 μl 2x SYBR Green, 0.4 mM of the primers F733 (5’-

TGGGAYGATCAYGARGT-3’) and R1083 (5’-CTGSGCSAKSACRTTCCA-3’); and 1 

μl DNA (1:10). The reaction consisted of 10 min of the initial denaturation (95°C) 

followed by 40 cycles of: 15 s of denaturation (95°C), 1 min alignment (57°C) and 1 

min extension (72°C); with final extension of 72°C for 5 min (Ragot, Kertsez and 

Bünemann 2015). The quality of the reactions was assessed with a melting step up 

to 95°C. Lastly, we included standard curves (100 to 108 copies) with clones of 

Bacillus subtilis (phoD) and Geobacter sulfurreducens (nifH), obtained with the 

pGEM-T Easy Vector system (PROMEGA®). 

 3.2.7  Nutrient quantification in treated soils 

To assess the variations in nitrogen and phosphorus, we quantified extractable 

phosphorus (P ext.) with the method of Bray-Kurtz (Bray and Kurtz 1945). The 

quantification of nitrite and nitrate (NO2+NO3) was performed with the vanadium 

reduction (García-Robledo et al. 2014), and a variation to the Berthelot method 
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(Nelson 1983) for NH4. The dissolved organic phosphorus (DOP) and nitrogen (DON) 

were determined at the Instituto de Investigaciones en Ecosistemas y 

Sustentabilidad, UNAM, Mexico. Both were calculated as the difference between the 

digested and the inorganic soluble concentrations (Joergensen and Muller 1996). 

Briefly, the total nitrogen and phosphorus dissolved concentration were obtained 

through the digestion of the samples with sulfuric acid and hydroxide peroxide; in 

their mineralized forms ammonium and orthophosphate, respectively. The soluble 

forms were determined from fresh soil samples (2 g) stirred in deionized water (1 h), 

and filtered (Chávez-Vergara et al. 2018). In addition, with these results, we obtained 

the dissolved inorganic nitrogen (DIN) and DON ratio, dissolved inorganic 

phosphorus (DIP) and DOP ratio, and DON:DOP ratios. All of these relations, give 

us information about the dynamics of the nutrients, as these relations change 

according to the season, locations or agricultural activities, among other factors 

(Islam et al. 2019). Moreover, the ratios of nutrients let us know about their availability 

for plants or microorganisms, the mineralization process, and even if the nutrient 

concentration may promote the competition in the soil (Mattsson et al. 2009). 

 3.2.8  Statistical analysis 

All statistical analyses were performed with the software R (V 4.1.0.) in RStudio (V 

1.4.1717) and base packages (R Core Team, 2020). The difference between the 

effects of the treatments and control was tested with Kruskal-Wallis and Dunn 

methods (p<0.05). Moreover, we tested the influence of the metabolite type and 

concentration with a two-way analysis of variance (ANOVA). Finally, canonical 

correspondence analysis (CCA) was performed with vegan (V 2.5-7), to determinate 

the variance of nutrient concentration in the soil, explained by the enzymatic activity 

and abundance of the nutrient-improvement bacteria. Before the analysis, the 

variables were selected according to linear regression models, and the significance 

of the CCA model and individual axis was tested with a permutation test 

(Permutations = 999). 
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 3.3   Results 

 3.3.1  Amino acids treatments enhanced the enzymatic activity of the 

nutrient-improvement bacteria 

Metabolite type and concentration significantly affected most of the parameters 

evaluated in the treated soils (p<0.05). However, amino acids seemed to be the most 

influencing metabolites to the enzymatic activity of NFB (Figure 3.3.1A). For example, 

the soil nitrogenase activity similarly increased with the medium concentration of 

tartaric acid up to 599.80 ± 8.99 nmol C2H4 kg-1 day-1, the low dose of lactose was 

595.64 ± 6.14 nmol C2H4 kg-1 day-1, and most of the treatments with Arg, which 

ranged from 605.07±3.75 to 604.34± 9.22 nmol C2H4 kg-1 day-1; however, 

nitrogenase activity with Met was the highest, from 620.91 up to 659.23 nmol C2H4 

kg-1 day-1 (Kruskal-Wallis and Dun test, p<0.05, Figure 3.3.1). 

Moreover, ammonium concentration increased under the Arg treatments (p<0.05, 

Table 3.3-1), where it reached about 79.12 ± 2.74 mg NH4 kg-1 (Figure 3.3.2A), while 

the DON concentration, considerably decreased with low lactose to 0.30 ± 0.05 µg 

g-1. In amino acids treatments the DON also remained lower than the control but at 

a different pace; for example, DON concentration increased from 0.33 ± 0.06 µg g-1 

at low Arg (p<0.01) to 0.53 ± 0.12 µg g-1 (p<0.05) in the high dose. In contrast, the 

DON concentration in Met dosed soil decreased from 1.30 ± 0.32 µg g-1, to the lowest 

value of all samples, 0.28 ± 0.04 µg DON g-1 (p<0.001, Figure 3.3.1). Lastly, as the 

DIN:DON ratio suggested, most of the nitrogen in the soil samples treated with Arg 

(Figure 11A), was in the inorganic forms and showed the highest values among the 

other samples (p<0.001, Table 3.3-1). The number of nifH gene copies (Figure 

3.3.1B) and NO2+NO3 concentration showed no variation compared to the control 

treatment (p>0.05, Figure 3.3.2). 

As for OPMB, the activity of alkaline phosphodiesterase increased mainly with 

sugars and amino acids (Table 3.3-2). Both sugars seemed to enhance gradually the 

activity of APD (p<0.05); and the highest activity in these treatments was reported 

for the high dose of lactose, 261.41 ± 20.30 µg pNP g-1 h-1, and maltose with 272.66 
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± 22.84 µg pNP g-1 h-1 (Table 3.3-2). However, APD activity remained at similar levels, 

around 256 µg pNP g-1 h-1, with the low and high concentrations of Met (Figure 

3.3.1D). The low and high treatments with Arg, also showed similar levels of APD 

activity, 266.80 ± 18.94 µg pNP g-1 h-1 and 277.44 ± 18.30 µg pNP g-1 h-1, respectively; 

while the highest value, 284.03 ± 20.85 µg pNP g-1 h-1, was recorded for the medium 

dose of Arg (Table 3.3-2). Furthermore, the abundance of the phoD gene increased 

only with the medium dose of oxalic acid to 7.40 ± 0.01 log copies phoD g-1 soil 

(p<0.05, Figure 3.3.1E). 

Table 3.3-1. Nitrogenase activity and nifH gene abundance in soil samples after their inoculation with 
metabolites identified in A. lechuguilla T. Nitrogen forms include: NH4= Ammonium, NO2+NO3= Nitrite 
+ nitrate, DIN= Dissolved inorganic nitrogen, and DON= dissolved organic nitrogen. Values 
correspond to mean and standard error (n = 4). Two-way ANOVA of interaction between metabolite 
and concentration1 (*** p <0.001, ** p <0.01, * p <0.05). Met= Metabolite type. 1Interaction between 
metabolite type and concentration.  

Metabolite µg g-1 
 Nitrogenase 

nmol C2H4 kg-1 day-1 

Log copies 

nifH g-1 soil 
NH4 mg kg-1 NO2+NO3 mg kg-1 DON µg g-1 DIN:DON 

Control 0 563.04 ± 10.59 5.51 ± 0.06 3.38 ± 0.38 51.77 ± 16.38 1.67 ± 0.08 32.99 ± 9.47 

Oxalic 

5 577.21 ± 11.13 5.46 ± 0.19 2.87 ± 0.46 31.96 ± 6.17 1.65 ± 0.12 21.70 ± 4.19 

30 586.34 ± 12.52 5.83 ± 0.20 2.85 ± 0.35 47.32 ± 15.81 1.17 ± 0.41 83.24 ± 55.31 

60 589.00 ± 8.92 5.70 ± 0.06 3.02 ± 0.68 28.35 ± 1.96 1.53 ± 0.17 21.70 ± 3.90 

Tartaric 

5 582.44 ± 7.85 5.64 ± 0.15 3.65 ± 0.83 27.12 ± 6.13 1.66 ± 0.12 18.11 ± 2.87 

30 599.80 ± 8.99 5.61 ± 0.22 1.87 ± 0.20 35.32 ± 5.93 1.40 ± 0.26 27.31 ± 1.45 

60 576.07 ± 1.34 5.71 ± 0.24 2.72 ± 0.43 26.10 ± 7.37 1.65 ± 0.12 16.85 ± 3.59 

Lactose 

5 595.64 ± 6.14 5.51 ± 0.02 2.81 ± 0.19 26.18 ± 5.06 0.30 ± 0.05 95.40 ± 9.56 

30 585.06 ± 7.08 5.70 ± 0.20 2.98 ± 0.27 31.66 ± 8.77 1.40 ± 0.11 25.10 ± 6.28 

60 588.87 ± 10.12 5.55 ± 0.07 2.78 ± 0.74 21.79 ± 3.77 1.64 ± 0.11 15.14 ± 2.48 

Maltose 

5 576.08 ± 9.17 5.58 ± 0.14 3.87 ± 0.43 32.91 ± 7.07 1.53 ± 0.11 24.15 ± 4.71 

30 577.31 ± 2.10 5.54 ± 0.15 2.90 ± 0.28 41.00 ± 19.75 1.57 ± 0.11 28.66 ± 13.67 

60 596.58 ± 9.67 5.33 ± 0.14 3.42 ± 0.40 35.38 ± 6.19 1.59 ± 0.10 24.73 ± 4.40 

Arginine 

100 576.04 ± 10.51 5.34 ± 0.21 23.82 ± 1.39 80.53 ± 15.81 0.33 ± 0.06 327.03 ± 38.28 

600 605.07 ± 3.75 5.63 ± 0.15 76.33 ± 2.51 496.67 ± 120.31 0.40 ± 0.11 1700.30 ± 460.78 

1200 604.34 ± 9.22 5.43 ± 0.07 79.12 ± 2.74 640.54 ± 99.51 0.53 ± 0.12 1758.44 ± 603.14 

Methionine 

50 620.91 ± 9.69 5.37 ± 0.09 6.57 ± 0.35 28.21 ± 3.62 1.30 ± 0.32 35.26 ± 11.50 

300 633.39 ± 15.14 5.52 ± 0.14 21.96 ± 1.18 19.85 ± 1.50 0.65 ± 0.27 83.41 ± 28.17 

600 659.23 ± 5.46 5.54 ± 0.10 17.79 ± 1.43 43.73 ± 12.15 0.28 ± 0.04 253.05 ± 72.19 

Two-way 

ANOVA 

Met. 0.000 1.069 0.000 0.000 22.016 85.000 

Con. 0.000 0.673 0.000 0.000 0.547 3.057 

M*C1 1.679 0.689 0.000 0.000 0.000 0.000 
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Figure 3.3.1. Enzymatic activity and abundance of NFB and OPMB in dosed soil with different 
metabolites. NFB characterization includes nitrogenase activity (A) and nifH gene abundance (B); as 
for OPMB, two types of phosphatases were quantified: Alkaline phosphomonoesterase (C) and 
phosphodiesterase (D), plus the abundance of phoD gene (E). Values depict difference against 
control treatment and standard error. Kruskal-Wallis and Dunn tests were applied (* = p<0.05, ** = 
p<0.01, *** = p<0.05). Control means are displayed. 
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Lastly, the metabolites and its concentration showed no influence over the organic 

or inorganic P forms, nor their ratio (Table 3.3-2); except for the lower concentration 

of DOP, 1.49 ± 0.36 µg g-1, with the medium dose of tartaric acid (P<0.05, Figure 

3.3.3E). The ratio between DON and DOP was influenced by both metabolite type 

and concentration (p<0.001) and decreased mainly with the addition of amino acids 

to similar levels as with the low concentration of lactose (0.17 ± 0.02; p<0.01) (Figure 

3.3.3C). 

Table 3.3-2. Phosphatases activity and phoD gene abundance in soil samples after their inoculation 
with metabolites identified in A. lechuguilla T. Phosphorus inorganic and organic forms are also 
displayed: DIP= Dissolved inorganic phosphorus, DOP= Dissolved organic phosphorus, and 
DON:DOP= Ratio between dissolved organic forms of nitrogen and phosphorus. Values correspond 
to mean and standard error (n = 4). At the bottom of the table, a two-way ANOVA is shown (*** p 
<0.001, ** p <0.01, * p <0.05). Met= Metabolite type. 1Interaction between metabolite type and 
concentration.  

Metabolite µg g-1 
APM APD log copies 

phoD g-1 soil 

DIP DOP 
DIP:DOP DON:DOP 

 ug pNP g-1 h-1  ug pNP g-1 h-1 mg kg-1 µg g-1 

Control 0 198.65 ± 8.40 207.34 ± 10.13 7.06 ± 0.09 4.20 ± 0.68 1.85 ± 0.01 2.26 ± 0.36 0.91 ± 0.04 

Oxalic 

5 197.89 ± 7.32 213.16 ± 13.32 7.16 ± 0.20 4.14 ± 0.73 1.84 ± 0.01 2.26 ± 0.39 0.90 ± 0.06 

30 187.21 ± 8.36 229.27 ± 15.64 7.40 ± 0.01 4.00 ± 0.75 1.49 ± 0.36 3.88 ± 1.70 0.80 ± 0.17 

60 189.49 ± 10.38 245.12 ± 9.27 7.01 ± 0.11 3.98 ± 0.48 1.84 ± 0.01 2.16 ± 0.26 0.84 ± 0.10 

Tartaric 

5 184.92 ± 7.62 244.11 ± 28.77 7.13 ± 0.09 4.11 ± 0.49 1.84 ± 0.01 2.24 ± 0.27 0.90 ± 0.06 

30 187.20 ± 9.74 248.15 ± 20.72 7.03 ± 0.13 3.60 ± 0.19 1.83 ± 0.01 1.97 ± 0.11 0.76 ± 0.14 

60 189.50 ± 10.23 244.36 ± 23.18 7.25 ± 0.13 3.31 ± 0.43 1.84 ± 0.01 1.80 ± 0.23 0.90 ± 0.06 

Lactose 

5 183.39 ± 10.46 256.80 ± 20.80 7.29 ± 0.08 3.59 ± 0.20 1.85 ± 0.01 1.95 ± 0.12 0.17 ± 0.02 

30 189.50 ± 10.46 255.66 ± 11.81 7.15 ± 0.15 3.77 ± 0.40 1.87 ± 0.01 2.02 ± 0.22 0.75 ± 0.05 

60 191.79 ± 9.03 261.41 ± 20.30 7.23 ± 0.02 3.44 ± 0.18 1.85 ± 0.01 1.86 ± 0.09 0.88 ± 0.06 

Maltose 

5 184.15 ± 11.08 254.62 ± 13.23 7.28 ± 0.18 3.09 ± 0.28 1.84 ± 0.00 1.68 ± 0.15 0.83 ± 0.06 

30 185.68 ± 8.68 262.94 ± 19.79 7.15 ± 0.02 3.84 ± 0.15 1.86 ± 0.00 2.07 ± 0.08 0.85 ± 0.06 

60 187.21 ± 12.28 272.66 ± 22.84 6.94 ± 0.16 3.55 ± 0.44 1.84 ± 0.01 1.94 ± 0.23 0.87 ± 0.05 

Arginine 

100 195.61 ± 9.93 266.80 ± 18.94 7.04 ± 0.24 3.74 ± 0.44 1.84 ± 0.01 2.02 ± 0.23 0.18 ± 0.04 

600 255.14 ± 16.22 284.03 ± 20.85 7.24 ± 0.08 3.86 ± 0.54 1.84 ± 0.01 2.09 ± 0.28 0.22 ± 0.06 

1200 268.88 ± 17.56 277.44 ± 18.30 7.11 ± 0.24 3.61 ± 0.60 1.84 ± 0.00 1.97 ± 0.32 0.29 ± 0.07 

Methionine 

50 187.21 ± 4.83 256.73 ± 11.06 7.16 ± 0.09 4.01 ± 0.69 1.62 ± 0.23 2.66 ± 0.56 0.75 ± 0.13 

300 188.73 ± 4.75 249.48 ± 4.55 7.03 ± 0.18 3.70 ± 0.40 1.83 ± 0.01 1.90 ± 0.25 0.36 ± 0.15 

600 197.89 ± 4.75 256.98 ± 4.57 7.12 ± 0.09 4.89 ± 0.82 1.84 ± 0.01 2.66 ± 0.45 0.15 ± 0.02 

Two-way 

ANOVA 

Met. 0.000 0.000 0.303 0.895 0.853 1.324 0.000 

Con. 0.000 0.576 0.401 0.002 0.495 0.330 0.379 

M*C1 0.000 0.168 0.950 0.599 0.976 0.646 0.000 
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Figure 3.3.2. Nitrogen and phosphorus concentration in soil samples dosed with metabolites. The 
quantified forms of nitrogen in the soil samples included: Ammonium (A), Nitrite + Nitrate (B), and 
dissolved organic nitrogen (C); as for phosphorus, the Dissolved inorganic phosphorus (D) and 
dissolved organic phosphorus (E). The depicted values correspond to the difference against the 
control and the standard error. Kruskal-Wallis and Dunn test were applied (* = p<0.05, ** = p<0.01, 
*** = p<0.05). Control means are displayed. 
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Figure 3.3.3.Nutrient coefficients in amended soil samples with different metabolite. A) Relation 
between ammonium (NH4), nitrite + nitrate (NO2+NO3), and dissolved organic nitrogen (DON); B) 
Proportion between dissolved inorganic and organic phosphorus; C) Relation between DON and DOP. 
Differences in the coefficients of treatments against the control were tested with Kruskal-Wallis and 
Dunn method (* = p<0.05, ** = p<0.01, *** = p<0.05). 

 3.3.2  Enzymatic activities were related to organic and inorganic 

nitrogen forms 

To understand the influence of the enzymatic activity and abundance of NFB and 

OPMB over the nutrient concentration in our experimental units, we performed a 

CCA. Previous to the analysis, we explored the linear relations between all the 
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variables, and selected NH4, NO2+NO3, DON:DOP, and DIP, as these had most of 

the significant relations with the bacterial response and avoided the collinearity 

between the nutrients (p<0.05; Table 3.3-3). 

Table 3.3-3. Linear relation between nutrient concentration and enzymatic activity and abundance of 
nutrient-improvement bacteria was tested with linear regression models. In bold are significant F and 
p values (* = p<0.05, ** = p<0.01, *** = p<0.05). 

Nutrient Nitrogenase Log nifH APM APD Log phoD 

NH4 4.57* 0.49 111.80*** 7.01** 0.00 

NO2+NO3 0.82 0.30 121.00*** 5.72* 0.41 

DIN:DON 2.24 0.10 60.73*** 7.64** 0.09 

DON 27.09*** 0.19 5.25* 13.63*** 0.71 

DIP 0.03 4.38* 0.28 11.38** 3.98* 

DOP 4.60* 1.32 0.07 0.43 0.72 

DIP:DOP 2.20 0.17 0.09 1.47 0.03 

DON:DOP 21.94*** 0 5.47* 12.88*** 0.39 

In the model, the inertia explained by the constrained variables was 41.45% 

(p<0.001, permutations= 999), with each component explaining 32.32% for CCA1 

(p<0.001%, permutations= 999) and 9.06% for CCA2 (p<0.01, permutations= 999). 

According to the CCA model, the nutrient concentration in the soils treated with 

amino acids seem to favor a higher activity of nitrogenase, which was mostly 

reflected in the increment of the inorganic forms of nitrogen in the soil (Figure 3.3.4). 

Moreover, it is important to point out that while DIN increased along with the nitrogen 

fixation (Figure 3.3.3A), DON diminished (F value = 27.09, p<0.001), and with this, 

also the ratio between DON:DOP (Table 3.3-1). 

Additionally, the DIP concentration showed relation with the APD activity (F value = 

11.38, p<0.01; Table 3.3-2) and abundance of the phoD gene (F value = 3.981, 

p<0.05). The increased APD activity seems to be negative related with the 

concentration of DIP, since the CCA plot shows that its mean is near the sugars and 

organic acids and diminish with the amino acid treatments (Table 3.3-2). Finally, it is 
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remarkable that while the enzymatic activity of OPMB had few linear relations with 

the phosphorus concentration, both phosphatases were related to all the forms of 

nitrogen concentration (Table 3.3-2). Furthermore, nitrogenase activity was related 

to DOP concentration (F value = 4.604; p<0.05) and the abundance of nifH explained 

some of the variation of the DIP concentration (F value = 4.377; p<0.05). Relations 

that are also reflected on the CCA plot, were the phosphatases vectors are directed 

to the higher concentration of the inorganic forms of nitrogen in the amino acid 

treatments (Figure 3.3.4). 

 

Figure 3.3.4. Canonical correspondence analysis of nutrient concentration in soil samples dosed with 
metabolites identified in lechuguilla. Ordinated points represent nitrogen and phosphorus 
concentration in soil samples with linear relation to the enzymatic activity and abundance of NFB and 
OPMB (Centroids are displayed in red). The color and form of the points depict the metabolite type 
and the concentration of the treatment. Enzymatic activity and abundance that explain the dispersion 
of the samples, are represented as blue arrows. Inertia explained by constrained variables = 41.45% 
(p<0.001, permutations= 999).  
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 3.4  Discussion 

To understand the influence of root exudates on the bacterial communities, we added 

metabolites identified in the rhizosphere of A. lechuguilla T. at different 

concentrations on bulk soil samples, and studied the variations in the enzymatic 

activity and abundance of nutrient-improvement bacteria. Furthermore, nitrogen and 

phosphorus concentration were quantified to analyze the influence of the 

microorganisms on the soil nutrients. The results suggested that amino acids 

enhance the enzymatic activity of NFB and OPMB, and this variation may impact the 

nutrient concentration in soil and its availability. The amino acids Arg and Met could 

be especially effective in increasing nutrient availability through the enhanced activity 

of nutrient-improvement bacteria. 

 3.4.1  Arginine and methionine enhanced the enzymatic activity and 

abundance of nutrient-improvement bacteria 

The soil samples employed in this project came from the calcaric soils of the 

Chihuahuan Desert. These soils are poorly developed, have salinity tendencies and 

low nutrient concentration (Dinerstein et al. 2001; Houri and Machacka-Houri 2016). 

However, even under these conditions, A. lechuguilla T. has a wide distribution that 

may result from its symbiosis with plant-growth-promoting microorganisms recruited 

by its root exudates (López-Lozano et al. 2020; Medina-de la Rosa et al. 2021). 

Nonetheless, little is known about the composition of root exudates in plants, 

especially those from arid regions or with crassulacean acid metabolism (CAM). 

However, in the few CAM plants studied, it has been found that some of the most 

abundant compounds released to the soil are sugars, amino acids, organic acids, 

phenolic compounds, and flavonoids (Stintzing and Carle 2005; Tao et al. 2016); 

which had been associated to the selection of beneficial microorganisms and the 

mobilization of soil nutrients (Finzi et al. 2015; Tian et al. 2021). The increase of the 

microbial activity is known as the “priming effect” and occurs by the enhanced 

availability of organic carbon sources in the rhizosphere (Kuzyakov and 

Blagodatskaya 2015), from metabolites like sugars or amino acids (Chen et al. 2009; 
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Huo et al. 2017). The sugars, for example, are simple forms of C compounds, easily 

metabolized by heterotrophic microorganisms, which permits a quick increase of 

biomass and activity (Chapin et al. 2012). As such, the presence of these 

compounds favors the mineralization of the organic matter since it also influences 

the activation of the latent microbiome in the soil (Montaño and Sánchez-Yáñez 

2014). Thus, it was expected that the addition of the metabolites, increased the 

presence of NFB and OPMB groups, though the enhancement of the enzymatic 

activity was mainly with the amino acid treatments. To explain such results, we must 

consider that sugars and organic acids may function mainly as substrate for the 

production of energy and signals between the microorganisms. For example, sugars 

are first metabolized, the products send to the Krebs cycle, and later to the 

production of energy in the form of adenosine triphosphate (ATP) (Udaondo et al. 

2018).  

The organic acids such as acetic, citric malic, and oxalic are C sources with essential 

roles in the cellular metabolism, metal chelation, and even as chemoattractants that 

favor the biological control or the solubilization of organic compounds like 

phosphorus (Jones, 1998; Kamilova et al. 2006; Anandyawati et al. 2017), and had 

been associated with Proteobacteria (Chen et al. 2016), a phylum that, according to 

previous studies, is a dominant taxon in the site, where some of the most abundant 

genera, were Sphingomonas, MND1, and Povalibacter (See chapter 2). The release 

of organic acids may be a response to nutrient deficiency, as iron (Fe) and 

phosphorus (P) are released from their insoluble forms with the action of organic 

acids (Jones 1998; Kamilova et al. 2006). Nonetheless, not all sugars or organic 

acids increased the enzymatic activity of NFB and OPMB, and even seemed to 

decrease their activity, so that we may consider the negative effect of these 

compounds on the microorganisms.  

It has been found that some NFB like Klebsiella pneumonia, Enterobacter 

agglomerans, Enterobacter sp., Azospirillum lipoferum, and Pseudomonas cannot 

use lactose, maltose, or oxalate as carbon sources (Haahtela et al. 1983), which 

could be related to the specific metabolic pathways of the bacteria (Tejera et al. 
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2004). Since some of these genera were the most abundant NFB in the soil used in 

previous studies (See chapter 2), this could explain the lack of response in the 

nitrogenase activity. In addition, Pseudomonas and Bacillus, also abundant in these 

soils, have not shown chemotaxis towards acids like lactic, oxalic, propionic, and 

ketoglutaric; or sugars like glucose, maltose, sucrose, xylose, or ribose (De Weert 

et al. 2002), while the enzymatic activity of nitrogenase and phosphatases was 

favorable, even at the low concentrations of Arg and Met (Oku et al. 2012; Yang et 

al. 2015; Corral-Lugo et al. 2016; Feng et al. 2021). 

The amino acids can be used directly as structural components of the proteins 

(Czaban et al. 2018) or afterward their mineralization as precursor compounds, 

energy, carbon, nitrogen, and sulfur sources (Morris et al. 2004). For example, when 

the plants have a high concentration of amino acids, they can suppress their intake 

of nitrates (Nazoa et al. 2003), while sugars and organic acids seem to be more 

related to P availability (Kellermeir et al. 2014). Arg and Met, as other compounds in 

the root exudates, had a priming effect, that could be related to the change in the 

C:N ratio in the soil (Ma et al. 2017). That is, in poor soils like those from the 

Chihuahuan Desert with a high C:N ratio (51.35 ± 2.64), due to low N availability 

(See chapter 2), the addition of carbon from sugars and organic acids increases the 

C:N ratio and diminish the decomposition efficiency of organic matter; however, 

when the added compound also has nitrogen like the amino acids, the ratio goes 

down and the decomposition of organic matter and metabolism of the bacteria 

increases (Finzi et al. 2015). In addition, Arg has four atoms of N and Met one, which 

implies a higher income of nitrogen from Arg than Met, and could explain why the 

activity of NFB and OPMB and the mineralization of nitrogen was overall higher in 

the Arg treatments than any other metabolite addition. Besides, Arg is a versatile 

compound whose metabolization produces several compounds such as nitrogen 

oxide, urea, ornithine, creatinine, proline, and polyamines that could be exploited by 

the microorganisms (Morris et al. 2004). 

Furthermore, with the addition of Met, nitrogenase activity had the highest rates 

among the treatments. This behavior could be explained since this compound is an 
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essential amino acid, as initiator of the protein biosynthesis (Zheng and Dean 1994; 

Byer et al. 2015), which may explain the increased enzymatic activity of nitrogenase 

and APD. Sulfur-containing amino acids are essential for the tolerance of proteins 

against oxidation, and in the nitrogenase, S is used for the biosynthesis of the 

molybdenum-iron cofactor (Byer et al. 2015; Si et al. 2020).  

Amino acid addition promoted higher APD activity than sugars, but seemed to stall 

in the highest concentration. This behavior could be explained if we consider that the 

uptake of 14C-labelled Met was around 35 x 102 disintegrations per minute and 20 x 

103 dpm for 14C-labelled Arg (Goodrich and Morita 1977). Also, it has been proved 

that the presence of sulfur-containing amino acids like Cys and Met can delay the 

organic matter mineralization (Hale and Fitzgerald 1988; Spohn Ermak and 

Kuzyakov 2013). Besides, a toxic effect has been found in amino acids over specific 

microorganisms (Xie et al. 2020). For example, the amino acids in the rhizosphere 

of lechuguilla, alanine, leucine, lysine, and threonine, showed a negative correlation 

with APM (Chapter 2). Even as these results are valuable to understand the 

interactions between plant and bacteria, further research is needed to corroborate 

this negative effect or the mechanisms behind this behavior. 

Furthermore, the low reactivity of APM to treatments, could be related to the stability 

of the substrate for each enzyme. It is known that diesters like phospholipids, nucleic 

acids or teichoic acid, are more easily processed than monoesters like inositol 

phosphate and choline phosphate, which have high negative charge densities and 

strongly react with inorganic compounds in the soil, such as aluminosilicates or 

aluminum oxides, making them more stable (Turner et al. 2003; Turner et al. 2005; 

García-Oliva et al. 2018). In comparison, diesters may be considered labile 

compounds by their weak interactions, for example, with clay particles in the soil 

(Rheinheimer et al. 2002; Turner et al. 2003; Wei et al. 2014). However, since 

monoesters are also more abundant in the soil (Rheinheimer et al. 2002; von 

Wandruszka 2006), it could have influenced the bacterial community and reduced P 

availability, also controlling the increase of the abundance of OPMB microorganisms. 
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 3.4.2  The synergism between nitrogen and phosphorus concentration 

as result of metabolites presence. 

The next objective was to ascertain if the variations in the enzymatic activity and 

abundance promoted by the metabolites, had an effect over the nutrient availability 

in the treated soil. In general, we found an increase in the inorganic nitrogen forms 

(NO2+NO3 and NH4). However, it is interesting to explore the relationship between 

nitrogen and phosphorus due to changes in enzymatic activity. 

Phosphorus concentration in all forms did not report changes as an effect of the 

treatments compared to the control. This lack of response could be explained by the 

system employed or the high reactivity and immobilization susceptibility of the 

element. The system that we utilized was static with a single spike of the metabolites 

and the incubation of the experimental unit. Changes in the dynamics of this element 

had been observed under different conditions where mineral fertilizers with N, P, and 

K were added over long periods in crops (Bi et al. 2018). In addition, P is a reactive 

element that is quickly immobilized by metallic cations such as Ca, Fe, and Al, which 

decrease its availability for plants and the microbiome (Hinsiger 2001). This effect 

may be enhanced in the calcaric soils of the Chihuahuan Desert used for these tests 

and thus lead to low P availability (Crain et al. 2018). Besides, the rapid recycling of 

the nutrient could be reflected in the lack of variation in the P forms, since, as 

suggested by some authors, the small amounts of compounds may conceal rapid 

turnover rates (Turner et al. 2005). 

In turn, organic nitrogen is considered the dominant form in soil (Stevenson 1982). 

However, it seems that the addition of the metabolites increased the mineralization 

of nitrogen, mainly the nitrification products, which, could be the response of the 

priming effect (Jones and Willett 2006; Kuzyakov and Blagodatskaya 2015). Besides, 

the mineralization process could be encouraged by the accumulation of nitrogen in 

the soil by the nitrogenase activity and the lack of sinks like the plants in the 

rhizosphere (Bhattacharjee et al. 2008). In addition, it is known that in soils where 

nitrogen is scarce, the nitrification process is favored (Chapin et al. 2011). Thus, if 

we consider that the action of NFB can add nitrogen and the phosphorus only is 
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recycled, it could explain, to some extent, that the change in the DON:DOP ratio was 

based on the concentration of DON (Tian et al. 2021). Besides, the linear models 

suggest a recycling and mineralization of the nutrients since we found that as the 

organic forms were depleted, the enzymatic activity of nitrogenase and alkaline 

phosphatases increased, and mineral forms of nitrogen were accumulated (Figure 

3.4.1). However, further research is needed to explore directly the dynamics of the 

nutrients in the rhizosphere. This research is proposed as a leading step towards the 

understanding of this complex process. 

 

Figure 3.4.1. Theoretical changes in the enzymatic activity of NFB and OPMB, and nutrient availability 
after treatments with metabolites identified in the rhizosphere of lechuguilla. Amino acids add on 
organic nitrogen (DON), carbon ©, and, sulfur (S), for Methionine; thus, promoting a priming effect in 
the bacterial community. The boost in the activity of nitrogenase and phosphatases, increase the 
availability of nitrogen for the microbiota biomass. The excess is mineralized (DIN) and is in the form 
of NO2+NO3 at the end of the incubation period. While relation between phosphorus organic (DOP) 
and inorganic (DIP), remains unchanged. Sugars and organic acids enrich the soil with carbon which 
only improves the activity of alkaline phosphomonoesterase and -diesterase, however the dynamic 
of nitrogen and phosphorus remains constant. 
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 3.5  Conclusion 

Thus far, we explored the influence of different metabolites in the enzymatic activity 

and abundance of NFB and OPMB, microorganisms that may have an essential role 

in the adaptability of A. lechuguilla T. in the Chihuahuan Desert. We found that amino 

acids had a significant influence on the activity of nitrogenase and APD since their 

nitrogen-rich contribution may reduce the C:N ratio of the soil and enhance the 

organic matter decomposition and thus the recycling of the nutrients. In addition, the 

relation between N, P, and the enzymatic activity, suggest a complex mechanism for 

the recycling of the nutrients in the rhizosphere, where different bacteria are involved. 

This work is a necessary step towards enhancing the explanation of how plant-

growth-promoting bacteria aid plants even under the harsh conditions of deserts. 

With this knowledge, it could be possible to understand the plants and bacteria 

symbiosis, as well as the conditions needed to enhance such beneficial partnership. 

Then, we could develop strategies to improve the conditions of the plants for their 

establishment even in poorly conserved ecosystems. Furthermore, these studies are 

essential under the pressure of a growing population, climate change, and the latent 

need for alternatives to conventional agriculture supplies that may lead to the erosion 

of the soil and a decreased production. Even the reforestation programs may be 

benefited if we understand the selection process that favors the symbiosis with plant-

growth-promoting rhizobacteria to facilitate the establishment of plants even under 

harsh conditions of eroded ecosystems or arid environments. 
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Conclusions and perspectives 

The interaction plant-microbiome has been extensively studied in several 

environments (Truu et al. 2017; Eida et al. 2018; Kong et al. 2019; Mosqueira et al. 

2019), though all the factors involved are not entirely understood. With this work, we 

offer an insight into biotic and abiotic factors that influence the shape, activity, and 

abundance of bacterial communities in the rhizosphere of Agave lechuguilla Torrey 

from the Chihuahuan Desert in Mexico. This work was divided in three sections, 

encompassing the objectives of the project: First, to understand the role of the plant 

stage and soil properties in the composition and interactions of the bacterial 

communities, mainly over the nitrogen-fixing bacteria (NFB) and organic phosphorus 

mineralizing bacteria (OPMB). Then, to deepen our study, we focused our analyses 

on the functions of the bacterial communities and identified the compounds in the 

rhizosphere of lechuguilla as, beyond the soil properties, the root exudates seemed 

to prevail in the bacteria recruitment. Finally, along with sugars and organic acids 

also found in the rhizosphere of lechuguilla, the amino acids that showed influence 

over NFB and OPMB, we studied the changes in the abundance and enzymatic 

activity of these two groups and the dynamics of the nutrients in the soil. In this way, 

we had a global perspective of the interaction between the metabolites released by 

plants and bacteria within the soil matrix. 

For developing this project, we choose the Chihuahuan Desert, because it is the 

biggest desertic region in North America and the second most diverse in the world 

(Granados-Sánchez et al. 2011; Villarreal-Quintanilla et al. 2017). Among its 

inhabitants, A. lechuguilla T. spreads successfully and widely over 20 million 

hectares over poorly developed soils (Castillo, Mares and Villavicencio 2011; Ramos 

et al. 2012). Such success is proposed to be due to their symbiosis with the 

microbiome (López-Lozano et al. 2020; Medina-de la Rosa et al. 2021), an 

interaction known as holobiont (Berg et al. 2014), which encompasses all the 

microorganisms associated with the host (Vandenkoornhuyse et al. 2015). Previous 

tudies have considered plant bacteria from different compartments and found a 

significant reduction from the dominant Bacillales and Actinomycetales in the 
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rhizosphere to an increased abundance of Rhizobiales and Xanthomonadales in the 

endosphere (Coleman-Derr et al. 2016; Fonseca-García et al. 2018). A selection that 

results from the change in the conditions from the soil to the endosphere. Thus, it 

may be crucial to the understanding of plant-bacteria interactions, to explore the 

bacteria associated with the different compartments in lechuguilla. 

In this work, we proposed the study of the rhizosphere as it is one of the most diverse 

among those associated with the plant and the buffer against pathogens and soil 

properties (Berendsen, Pieterse and Bakker 2017; Dutta and Podile 2017). We found 

that the rhizobacterial community associated with lechuguilla included several taxa 

with mechanisms related to nutrient availability, such as env. OPS17 (Bacteroidetes), 

Gemmatimonadaceae uncultured, S0134 terrestrial group, BD211 terrestrial group 

(Gemmatimonadetes), Chthoniobacteracea, and Candidatus Udaeobacter 

(Verrucomicrobia), which were also the genera with more interactions in the bacterial 

communities of the rhizosphere of lechuguilla (Chapter 1). Thus, these taxa or ‘hubs’ 

may be decisive genera for the stability and communication in the network that 

represent the associations between bacteria (Poudel et al. 2016). In addition, since 

these communities are exposed to different conditions, with the co-occurrence 

network models, we could compare the theoretical dynamics of the interactions in 

bacterial communities from bulk soil and the rhizosphere of young and mature 

lechuguillas. This way, we found similarities between the three communities and the 

gradual recruitment of the taxa in the plant stages, where young plants had extensive 

taxa shared with those in bulk soil but already with specialized plant-growth-

promoting rhizobacteria (PGPR). 

Moreover, the community composition of the rhizosphere of lechuguilla concurred 

with the functional prediction based on the 16S rRNA gene sequencing; abundant 

PGPR and mineralization traits in the rhizobacterial community, and tolerance stress 

and solubilization functions in the bulk soil. Considering such traits in the diverse 

bacterial community of bulk soil, it is not surprising that the most abundant phylum 

was Actinobacteria. Though for deep knowledge about the active functions in the 
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rhizosphere, an approach with metatranscriptomic or metaproteomic sequencing 

may be necessary. 

Furthermore, with the comparison of the bacterial communities of lechuguilla from 

two subregions in the Chihuahuan Desert, we could identify the influence of soil 

properties in their structure and enzymatic activity. For example, the network from 

the Central Subregion in the north of Mexico was mainly influenced by the sodic soil, 

alkaline pH, and low nutrient availability. Under these conditions, the important 

genera for the communication and stability of the network were carbon fixing bacteria 

like Candidatus Chloroploca, Kouleothrix, and FFCH7168 (Chloroflexi), (Garrity et al. 

2001; Grouzdev et al. 2018); and tolerant genera like Omnitrophicaeota 

(Omnitrophicaeota) which has been isolated from saline estuaries (Baricz et al. 

2019). In contrast, the bacteria from the Meseta subregion in the northeast of Mexico 

had richer nutrient-wise conditions than the Central subregion, where the most 

abundant genera belong to Gemmatiomonadetes and Proteobacteria. Some of 

which can mineralize organic phosphorus and intervene in the cycling of carbon, 

nitrogen, and sulfur (Spain, Krumholz and Elshahed 2009; Karp et al. 2019). We also 

contrasted the behavior of Actinobacteria genera like 0319-7L14, Atopobium, 

Gaiellales uncultured, and MB A2 108 in each subregion and found that under the 

harsh conditions of the Central subregion, these genera had more negative 

interactions with other bacteria, which could represent competence or depredation 

(Shi et al. 2016). In the Meseta, where the nutrients were less restricted, the same 

genera had a higher proportion of positive interactions than in limited conditions. This 

shift probably responds to modulations in the behavior of the bacteria that has been 

found in strains from the same phylum as Streptomyces (Ibrahimi et al. 2020). 

Overall, the contrast of these two conditions allows us to identify essential factors 

that shape bacterial communities. Thus, the study at a regional level is essential to 

understand patterns based on climate, topography, altitude, or soil parental origin, 

which could shed more light on the microbial communities (Ma et al. 2016), 

especially with co-occurrence networks that represent the interactions inside the 

communities (Zhang et al. 2018). 
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Along with the selection of the rhizobacterial communities, plant growth was a 

relevant factor for enhancing the enzymatic activity and abundance of nutrient-

improvement bacteria. The copy numbers of genes nifH and phoD were higher in 

the rhizosphere of mature plants than the young plants or bulk soil, a pattern found 

in other works (Hai et al. 2009; Jingang et al. 2018); however, further research is 

needed to explain these results as no direct pathways had been described. The 

enhancement of bacterial biomass according to the plant stage has been found in 

other species like leguminous, tubers, cultivars, among others (İnceoğlu et al. 2010; 

Haldar and Sengupta 2015; Qiao et al. 2017); but there are few studies about 

crassulacean acid metabolism (CAM) plants (Stintzing and Carle 2005; Tao et al. 

2016). In this work, we provide insight into the composition and changes of the root 

exudates of A. lechuguilla T. and the effect on the bacterial communities, as more 

information is needed to unravel the operation of the arid wild ecosystems. 

Up to this point, we demonstrated that mature lechuguillas had different recruitment 

patterns than young plants and bulk soil. As root exudates are the primary form of 

communication between plants and the microbiome (Broeckling et al. 2008; Micallef 

et al. 2009; Liu et al. 2017), we identified the composition of amino acids from the 

rhizosphere of lechuguilla. The amino acids are abundant compounds in the root 

exudates and have multiple essential functions in living organisms (Jaeger et al. 

1999; Carvalhais et al. 2011), like structural components of proteins, communication 

signals, and siderophores precursors (Byer et al. 2015; Saijo, Loo and Yasuda 2017; 

Khan, Singh and Srivastava 2018; Si et al. 2020). In addition, it has been proposed 

that their concentration could reflect the nutrimental state of the plant (Jaeger et al. 

1999). 

In this regard, we found that arginine (Arg) and methionine (Met) were significant 

amino acids either for the composition of the bacterial community or the enzymatic 

activity of NFB and OPMB. A community where Proteobacteria and Bacteroidetes 

were more abundant in the rhizosphere of lechuguilla than bulk soil. However, 

Bacillus was the dominant genus of OPMB within this community, while diazotrophic 

bacteria with the nifH gene were mostly among Proteobacteria and Firmicutes. We 
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propose that Arg and Met may have an essential role for the bacterial community as 

nutrient sources for the metabolism of the bacteria and the promotion of the enzymes 

as structural components of the nitrogenase and alkaline phosphomonoesterase 

(APM). Moreover, the interaction between lechuguilla and its rhizobacterial 

community could have a two-sided effect were plant and bacteria affect each other 

(Bakker et al. 2014). Recruited NFB, for example, had been shown to enhance the 

production of amino acids in the rhizosphere of plants due to the increased 

availability of nitrogen (Hutapea et al. 2018; Rahmoune et al. 2019). However, this 

area remains scarcely explored, highlighting that a deeper investigation is needed 

to understand the full extent of the interactions in the holobiont. With this information, 

however, we have the first steps towards the understanding of the interaction 

process between plant-bacteria, which was explored by evaluating the effects of 

these metabolites in NFB and OPMB. After all, beyond the valuable and needed 

knowledge, science must be applied to actual problems, like climate change, the 

desertification process, and the ever-growing demand for food in increasingly eroded 

crop fields. 

Finally, after testing different metabolites identified in the rhizosphere of lechuguilla, 

we could measure the variations in the enzymatic activity of NFB and OPMB, along 

with the affected nutrients, nitrogen, and phosphorus. We found that amino acids 

influenced more the activity of nitrogenase and alkaline phosphodiesterase and the 

mineralization of nitrogen, probably due to the addition of nitrogen, included in the 

amino groups. In turn, the supplemented nitrogen reduced the C:N ratio, improved 

the efficiency of organic matter decomposition and provided the bacteria with carbon, 

energy, and structural components for the biosynthesis of proteins. We also found 

that phosphorus may be a highly recalcitrant nutrient in the calcareous soil because 

the ratio between organic and inorganic forms did not change under any treatment 

(Deubel et al. 2005; von Wandruszka 2006). Once it is liberated by mineralization or 

solubilization, phosphorus is quickly absorbed by microorganisms and incorporated 

into their biomass (Crain et al. 2018). Therefore, its cycling may remain unchanged 

without new additions to the system like in agricultural soils where the addition of 
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mineral fertilizer over a long period, did change the dynamic of the element (Bi et al. 

2018). 

This experiment grants a glimpse into the complexity of the interaction plant-soil-

microorganisms. While the use of a mix of several compounds identified in root 

exudates may be more accurate to their real composition, the single incorporation of 

metabolites permits us to identify the changes in the community, test hypotheses, 

and formulate new experiments to explore different settings. 

Furthermore, we may even venture to propose that despite the recommendations of 

the guides for lechuguilla cultivation that estate that this plant do not require a great 

amount of organic matter in the soil (Martinez, Castillo and Mares 2011), it may be 

recommended to amend the soils selected for lechuguilla cultivation, in order to 

increase the nutrient availability and, thus, the bacterial community activity. 

Considering that PGPR associated to lechuguilla require a lower C:N ratio to 

increase their activity and the benefits towards the growth and protection of 

lechuguilla. 

The interactions in the holobiont are complex and need to be studied at depth to 

unravel its mechanisms and understand the processes that sustain the ecosystems, 

and the strategies plants have developed to adapt to the changing conditions. Thus, 

if we understand the mechanisms of their interactions and their symbionts, we may 

be able to develop programs for their application in several areas, from the 

conservation of the ecosystems to agricultural production. 
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Supplementary materials 

Table 0-1. Alpha diversity indices based on gene 16S rRNA sequencing on Central subregion samples. 
Sample ID provides indicate if locations correspond to Los Álamos (AL) or Tres Coronas (TC), type 
(MP- Mature plant, YP- Young plant, and S- Bulk soil), and replicates. DNA sample concentration and 
number of reads are also depicted. 

Central Subregion 

Sample 

type 

Sample 

ID 

DNA yield 

µg g-1 soil 

Initial 

reads 

Reads after 

filtering 

Observed 

OTU 

Chao 

1 
Shannon Simpson 

 

Mature 

plant 

ALMP01 14.59 281,961 111,693 2,073 3,144 5.00 0.03 

ALMP02 16.38 289,282 115,693 2,494 3,844 5.35 0.02 

ALMP03 13.54 297,543 115,882 2,277 3,597 5.13 0.02 

ALMP04 10.83 343,583 134,956 2,146 3,189 5.00 0.02 

TCMP01 12.00 261,837 103,505 2,382 3,525 5.42 0.01 

TCMP02 18.63 390,446 122,657 2,152 3,306 5.34 0.01 

TCMP03 13.09 335,636 131,848 2,280 3,593 5.33 0.02 

TCMP04 10.90 28,421 113,131 2,237 3,532 5.14 0.02 

 

Young 

plant 

ALYP01 17.25 287,912 114,783 2,296 3,479 5.30 0.01 

ALYP02 17.73 265,478 102,973 2,291 3,676 5.28 0.02 

ALYP03 12.77 275,109 107,330 2,072 3,246 5.05 0.02 

ALYP04 13.00 185,964 74,083 2,216 3,443 5.06 0.02 

TCYP01 14.31 307,800 118,795 2,316 3,655 5.33 0.01 

TCYP02 9.60 300,322 116,921 2,215 3,313 5.30 0.01 

TCYP03 12.13 284,506 110,960 2,266 3,741 5.29 0.01 

TCYP04 10.82 204,286 80,365 1,845 2,907 5.06 0.02 

 

Bulk 

soil 

ALS01 10.61 252,598 100,546 2,381 3,773 5.39 0.01 

ALS02 12.76 247,587 98,095 2,336 3,388 5.40 0.01 

ALS03 14.63 303,533 117,637 2,205 3,190 5.37 0.01 

ALS04 12.36 240,461 95,611 2,162 3,371 5.12 0.02 

TCS01 8.66 365,077 145,819 2,029 3,094 5.11 0.02 

TCS02 9.95 94,431 1,744 - - - - 

TCS03 8.66 236,781 96,698 1,876 2,698 5.00 0.02 

TCS04 9.62 441,968 132,489 2,013 2,918 5.23 0.02 

Mock community 8.30 231,379 92,711 - - - - 

Reagent only 
Out of 

range 
58,451 4,775 576 1,061 1.12 0.55 
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Table 0-2. Alpha diversity indices based on gene 16S rRNA sequencing on Meseta Central subregion 
samples. Sample ID provides indicate if locations correspond to Charco Blanco (CB) or Los Amoles 
(AM), type (MP- Mature plant, YP- Young plant, and S- Bulk soil), and replicates. DNA sample 
concentration and number of reads are also depicted. 

Meseta Central Subregion 

Soil 

sample 

type 

Sample 

ID 

DNA yield 

(µg g-1 

soil) 

Initial 

reads 

Reads after 

filtering 

Observed 

OTU 

Chao 

1 
Shannon Simpson 

 

Mature 

plant 

CBMP01 6.69 288,147 94,054 2,199 3,378 5.20 0.01 

CBMP02 9.01 269,394 98,086 2,106 3,233 5.25 0.01 

CBMP03 9.84 256,200 118,433 2,028 3,324 5.20 0.01 

CBMP04 6.37 436,918 91,892 2,052 2,993 5.17 0.01 

AMMP01 8.17 240,187 114,295 2,221 3,470 5.19 0.02 

AMMP02 6.13 242,810 105,086 2,362 3,641 5.10 0.02 

AMMP03 5.83 302,294 102,028 2,381 3,819 5.15 0.02 

AMMP04 5.75 241,752 175,745 2,528 3,768 5.37 0.01 

 

Young 

plant 

CBYP01 14.27 321,385 149,058 2,048 3,383 5.07 0.02 

CBYP02 10.52 299,852 151,788 2,289 3,781 5.14 0.01 

CBYP03 12.95 293,667 145,718 2,281 3,723 5.23 0.01 

CBYP04 11.28 231,613 127,314 2,185 3,306 5.11 0.01 

AMYP01 7.06 381,716 125,056 2,412 3,704 5.22 0.02 

AMYP02 4.87 383,713 118,341 2,364 3,568 5.22 0.01 

AMYP03 3.98 375,139 115,846 1,976 3,205 4.85 0.02 

AMYP04 6.41 322,442 91,072 2,329 3,346 5.23 0.02 

 

Bulk 

soil 

CBS01 8.84 409,317 106,582 1,924 3,107 4.89 0.02 

CBS02 9.66 418,361 97,568 1,918 3,232 4.95 0.02 

CBS03 2.96 353,214 95,406 2,028 3,147 4.94 0.02 

CBS04 4.82 318,958 100,048 2,025 3,206 5.01 0.02 

AMS01 3.37 271,155 155,797 2,286 3,610 5.22 0.02 

AMS02 3.17 254,556 161,960 2,577 4,044 5.24 0.02 

AMS03 2.42 244,024 137,488 2,310 3,472 5.06 0.02 

AMS04 3.18 254,516 121,656 2,435 3,950 5.16 0.02 

Mock community 8.30 231,379 92,711 - - - - 

Reagent only 
Out of 

range 
58,451 4,775 576 1,061 1.12 0.55 
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Table 0-3. Percent increase of mean squared error (%IncMSE) of soil variables. Adjusted to the linear 
regression model (randomForest), to explain the variation of enzymatic activity/abundance of nitrogen 
fixing bacteria and organic phosphate mineralizing bacteria. (No. trees = 1000, Variables tested in 
each split = 7). MSR= Mean squared residuals, Exp. Var.= Explained variation. 

Variable 

Organic phosphorus mineralizing bacteria Nitrogen fixing bacteria 

Alkaline phosphomo-
noesterase 

(μg pNP g-1 h -1 soil) 

phoD 
(log copies phoD 

g-1 soil) 

Nitrogenase 
(nmol C2H4 
kg-1 day-1) 

nifH 
(log copies 
nifH g-1 soil) 

%IncMSE 

Sample type 3.77 4.81 7.47 11.97 

Total Org. C 13.04 8.40 14.38 12.04 

N 7.31 -0.63 3.47 -1.19 

C:N ratio 16.55 7.17 18.66 12.03 

NH₄ 8.60 -1.53 6.64 2.11 

NO₂+NO₃ 13.31 4.93 9.30 7.55 

P 1.38 -1.23 1.29 -3.43 

Ca 0.83 2.81 -0.90 1.51 

Na 19.49 5.29 12.73 14.47 

K 2.12 -0.28 2.17 1.49 

Mg 4.65 4.62 6.68 2.35 

Cu 2.08 0.18 1.23 2.67 

Fe 2.35 -0.28 6.56 3.31 

Mn 5.84 6.01 2.60 -0.07 

Zn 0.87 2.14 1.39 -1.62 

pH 5.60 3.48 4.70 1.33 

EC 3.81 0.49 0.90 3.58 

Clay 2.89 0.83 2.49 3.33 

Sand 4.71 5.44 3.81 3.12 

Silt 4.33 4.42 4.23 5.05 

MSR (Exp. 
Var.) 

1169 (96.51%) 0.39 (13.04%) 
760.55 

(68.71%) 
0.18 

(74.59%) 
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Table 0-4. Topological properties of bacterial empiric subregion networks and comparison with 
random networks. Empiric networks were made with relative abundance from bacterial genera found 
in the rhizosphere of A. lechuguilla T., from Central and Meseta subregions inside the Chihuahuan 
desert. Data from random networks corresponds to the mean and standard error from permutations 
(n = 1000) of each empiric network. Scale-free distribution was evaluated with the fitting of the degree 
to the power-law model. R2 and exponent α are displayed. 

 Central Subregion Meseta Central Subregion 

Topological 

properties 

(undirected 

network) 

Vertices (Edges) 868 (12698) 785 (6626) 

Diameter 7.24 8.06 

Mean distance 3.34 3.66 

Mean degree 29.26 16.88 

Eigen value 0.87 0.87 

Betweeness 0.02 0.02 

Hub score 0.12 0.12 

Hubs Genera (Max degree) Omnitrophicaeota (158) MBNT15 (Proteobacteria) (95) 

Modularity 
Value (No. Modules) 0.35 (215) 0.44 (168) 

Modules >4 nodes 20 10 

Max degree 

Size Mod 1 181 221 

Node max degree Omnitrophicaeota (158) MBNT15, Paraoerskovia (95) 

Size Mod 2 149 122 

Node max degree Gaiellales uncultured (140) Candidatus Jorgensenbacteria 

(60) Size Mod 3 134 119 

Node max degree Subgroup 5 (105) A4b (84) 

Size Mod 4 73 24 

Node max degree Bacteriap25 (73) Oceanobacillus (20) 

Size Mod 5 8 9 

Node max degree Oxalophagus (19) Blastomonas (14) 

Nodes 

Centrality 

measures 

Degree 29.26 ± 1.20 16.88 ± 0.73 

Betweenness 412.08 ± 20.93 303.10 ± 20.61 

Eigen vector 0.12 ± 0.01 0.12 ± 0.01 

Hub score 0.09 ± 0.01 0.08 ± 0.01 

Random 

Networks 

Distance 2.6 ± 0.01 2.87 ± 0.01 

Eigen vector 0.82 ± 0.01 0.83 ± 0.01 

Betweenness 0.02 ± 0.00 0.02 ± 0.00 

Scale free 

distribution 

α 1.26 1.35 

R2 0.74 0.81 

Degree distribution (free-scale model) 

[In black node degree distribution of 

empirical networks, random 

distribution in blue] 
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Table 0-5. Topological properties of bacterial empiric sample type networks and comparison with 
random networks. Empiric networks were made with relative abundance from bacterial genera found 
in the rhizosphere of mature and young plants of A. lechuguilla T., from Central and Meseta 
subregions inside the Chihuahuan desert. Data from random networks corresponds to the mean and 
standard error from permutations (n = 1000) of each empiric network. Scale-free distribution was 
evaluated with the fitting of the degree to the power-law model. R2 and exponent α are displayed. 

  Mature plant Young plant Bulk soil 

Topological 

properties 

(undirected 

network) 

Vertices (Edges) 248 (280) 238 (246) 869 (17275) 

Diameter 15.89 14.07 10.68 

Mean distance 6.44 5.99 3.43 

Mean degree 2.26 2.07 39.76 

Eigen value 0.96 0.95 0.83 

Betweenness 0.12 0.08 0.01 

Hub score 0.05 0.06 0.17 

Hubs 
Genera (Max 

degree 

S0134 terrestrial group 

(Gemmatimonadetes)16 

env.OPS 17 

(Bacteroidetes)10 

Roseiflexus 

(Chloroflexi)173 

Modularity 
Value (Modules) 0.77 (66) 0.83 (60) 0.3 (201) 

Modules >4 nodes 16 12 22 

Max degree 

Size Mod 1 46 27 255 

Node max degree S0134 terrestrial group (16) env.OPS 17 (10) Roseiflexus (173) 

Size Mod 2 10 24 136 

Node max degree Rhodocytophaga (5) 0319_6G20 (7) DS 100 (164) 

Size Mod 3 10 17 72 

Node max degree AKIW781, Kallotenue (7) Isosphaeraceae unc. (6) RB41 (77) 

Size Mod 4 10 15 63 

Node max degree OM190, Subgroup 5 (6) Blastocatella (6) Thermobaculum (95) 

Size Mod 5 7 9 28 

Node max degree TK17 (5) TSBb06 BIyi10 (42) 

Nodes 

Centrality 

measures 

Degree 2.26 ± 0.13 2.07 ± 0.11 39.76 ± 1.54 

Betweenness 2.16 ± 0.53 1.62 ± 0.33 412.52 ± 19.59 

Eigen vector 0.05 ± 0.01 0.06 ± 0.01 0.17 ± 0.01 

Hub score 0.03 ± 0.01 0.03 ± 0.01 0.12 ± 0.01 

Random 

Networks 

Distance 5.42 ± 0.20 6.1 ± 0.32 2.48 ± 0.00 

Eigen vector 0.95 ± 0.01 0.93 ± 0.02 0.78 ± 0.01 

Betweenness 0.19 ± 0.04 0.14 ± 0.03 0.01 ± 0.00 

Scale free 

distribution 

α 2.02 2.09 1.21 

R2 0.96 0.91 0.7 

Degree distribution (free-scale 

model) [In black node degree 

distribution of empirical networks, 

random distribution in blue] 
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Table 0-6. Alpha diversity indices based on 16S rRNA gene from the bacterial communities of the 
rhizosphere of lechuguilla and bulk soil. *The number of reads post filtering of the blank sample may 
correspond to sequences formed during the reaction and not to bacteria, which discarded the 
contamination of the samples during their manipulation. 

Type 
Sample 

ID 
DNA yield 

(µg g-1 soil) 
Initial 
reads 

Reads post-
filtering 

Observed 
OTU 

Chao 1 Shannon Simpson 

Mature 
plant 

MP01 8.17 240,187 114,295 2,199 3,378 5.20 0.01 

MP02 6.13 242,810 105,086 2,106 3,233 5.25 0.01 

MP03 5.83 302,294 102,028 2,028 3,324 5.20 0.01 

MP04 5.75 241,752 175,745 2,052 2,993 5.17 0.01 

Young 
plant 

YP01 7.06 381,716 125,056 2,048 3,383 5.07 0.02 

YP02 4.87 383,713 118,341 2,289 3,781 5.14 0.01 

YP03 3.98 375,139 115,846 2,281 3,723 5.23 0.01 

YP04 6.41 322,442 91,072 2,185 3,306 5.11 0.01 

Bulk 
soil 

S01 3.37 271,155 155,797 1,924 3,107 4.89 0.02 

S02 3.17 254,556 161,960 1,918 3,232 4.95 0.02 

S03 2.42 244,024 137,488 2,028 3,147 4.94 0.02 

S04 3.18 254,516 121,656 2,025 3,206 5.01 0.02 

 Mock 8.30 231,379 92,711 576 1,061 1.12 0.55 

 Blank Out of range 58,451 4,775 0*    

Table 0-7. nifH and phoD genes sequencing data from the rhizosphere of A. lechuguilla T. and bulk 
soil. Observed ASV, initial reads and post-filtering. ID provides information about the sample type (MP: 
Mature plant, YP: Young plant, and S: Bulk soil) and replicates number. 

Type 
Sample 

ID 

nifH phoD 

Initial reads 
Reads post-

filtering 

Observed 

ASV 
Initial reads 

Reads post-fil-

tering 

Observed 

ASV 

Mature 

plant 

MP01 171,419 18,834 89 37,936 35,353 347 

MP02 142,718 12,460 79 61,987 57,869 343 

MP03 203,557 25,325 75 55,063 51,400 374 

MP04 162,180 6,591 97 72,798 67,099 397 

Young 

plant 

YP01 113,882 4,313 85 53,752 50,488 337 

YP02 206,345 38,577 78 53,501 46,806 370 

YP03 122,658 9,538 90 44,184 40,358 363 

YP04 76,393 4,953 61 58,833 49,457 363 

Bulk 

soil 

S01 132,047 28,183 75 57,189 51,953 343 

S02 98,548 13,755 73 70,004 62,647 334 

S03 103,764 11,101 71 52,841 47,073 256 

S04 - - - 56,197 52,777 347 

Mock - - - 108,236 104,447 12 
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R scrips for data analyses 

All scripts were tested in R version 4.1.0 (2021-05-18) -- “Camp Pontanezen”. 

Copyright © 2021 The R Foundation for Statistical Computing; Platform: x86_64-

w64-mingw32/x64 (64-bit). In the platform Rstudio version 1.4.1717© 2009-2021 

RStudio PBC, “Juliet Rose” (df86b69e, 2021-05-24) for Windows. 

a) Functional prediction with Tax4Fun2 (Tax4Fun2 V 1.1.5) 

## Load packages 

““{r} 

X= c(“Tax4Fun2”, “phyloseq”, “seqinr”) 

lapply(X, require, character.only = TRUE) 

 

rm(list=ls()) 

#Reference data pathway 

path <- “C:/Users/gpe_/Documents/Tax4Fun2_ReferenceData_v2” 

““ 

Reference on the web: https://github.com/bwemheu/Tax4Fun2 

 

# Package installation and loading of reference database 

““{r} 

buildReferenceData(path_to_working_directory = “.”, use_force = FALSE, 

install_suggested_packages = TRUE) 

testReferenceData(path_to_reference_data = “Tax4Fun2_ReferenceData_v2”) 

buildDependencies(path_to_reference_data = “./Tax4Fun2_ReferenceData_v2”, 

install_suggested_packages = TRUE, use_force = T) 

““ 

Data preparation. 

• OTU sequences or ASV representatives (.fasta) 

• Relative abundance of sequences (.txt o .csv) 

 

Reference database: Representative sequences are aligned with the reference 

sequences with BLAST. We can choose from database Ref99NR or Ref100NR. 

Information is saved in as .txt file in TEMP folder, following the pathway 

specified at the beginning. 

 

# Alignment 

““{r} 

#Load OTU representative sequences 

fasta <- read.fasta(“SEC_GPE/lechuquilla_rep.fasta”) 

 

#Test with 99NR database 

runRefBlast(path_to_otus = “SEC_GPE/lechuquilla_rep.fasta”, 

path_to_reference_data = path, 

path_to_temp_folder = “SEC_GPE/TEMP”, 

database_mode = “Ref99NR”, 

use_force = T, num_threads = 2) 

https://github.com/bwemheu/Tax4Fun2


150 

 

 

#Check file 

ref<- read.delim(file = “SEC_GPE/TEMP/ref_blast.txt”) 

““ 

After the functional prediction, we get two files: 

1. Relative abundance of the predicted functions in txt file 

2. Abundance of metabolic pathways per sample (txt file) 

 

#Functional prediction 

““{r} 

makeFunctionalPrediction(path_to_otu_table = “SEC_GPE/rep_count.txt”, 

path_to_reference_data = path, 

path_to_temp_folder = “SEC_GPE/TEMP”, 

database_mode = “Ref99NR”, 

normalize_by_copy_number = T, 

min_identity_to_reference = 0.97, 

normalize_pathways = F) 

““ 

 

#Levels check 

““{r} 

pathways <- read.delim(file = “SEC_GPE/TEMP/pathway_prediction.txt”) 

level1 <- unique(pathways$level1) 

level2 <- unique(pathways$level2) 

level3 <- unique(pathways$level3) 

 

read.delim(file = “SEC_GPE/TEMP/functional_prediction.txt”) 

““ 

#Functional redundance prediction 

““{r} 

calculateFunctionalRedundancy(path_to_otu_table= “SEC_GPE/rep_count.txt”, 

path_to_reference_data = path, 

path_to_temp_folder = “SEC_GPE/TEMP”, 

database_mode = “Ref99NR”, 

min_identity_to_reference = 0.97) 

““ 
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b) Heatmap for relative abundance of bacteria (pheatmap V 1.0.12) 

## Load packages 

““{r } 

X = c(“pheatmap”, “RColorBrewer”, “colorspace”) 

lapply(X, require, character.only = TRUE) 

 

hcl_palettes(plot = TRUE) #paleta de colores 

knitr::opts_chunk$set(comment = NA) 

 

rm(list = ls()) 

““ 

## Functions 

““{r} 

braycurtis <- function(mat, rowcol=1) { 

mat <- as.matrix(mat) 

if(rowcol==1) { 

mat.sums <- apply(mat, 1, sum) 

n <- dim(mat)[1] 

BC <- dist(mat, method=”manhattan”) 

BC <- as.matrix(BC)/(matrix(mat.sums, nrow=n, ncol=n) + matrix(mat.sums, 

nrow=n, ncol=n, byrow=T)) 

 } 

if(rowcol==2) { 

mat.sums <- apply(mat, 1, sum) 

n <- dim(mat)[2] 

BC <- dist(t(mat), method=”manhattan”) 

BC <- as.matrix(BC)/(matrix(mat.sums, nrow=n, ncol=n) + matrix(mat.sums, 

nrow=n, ncol=n, byrow=T)) 

 } 

as.dist(BC) 

} 

 

callback = function(braycurtis, mat){ 

sv = svd(t(mat))$v[,1] 

dend = reorder(as.dendrogram(braycurtis), wts = sv) 

as.hclust(dend) 

} 

 

#Normalization 

function(x){ 

(x-min(x))/(max(x)-min(x)) 

} 

““ 

## Genera selection based on the relative abundance (>1%) 

““{r} 

# Load data base 

otus_short<- read.csv(“Database.csv”,row.names=1)[, c(15:26)] 

 

# Relative Abundance >1% 
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BD<- otus_short[rowSums(apply(otus_short,2,function(x) 

x/sum(x)*100) >=1)>=1,] 

# Normalization 

BD_corta<- apply(BD,2,function(x) x/sum(x)*100) 

““ 

## Heatmap 

““{r } 

#Left annotation: 

#Variable vector 

annotation = data.frame(Type = factor(rep(c(“Mature”, “Soil”, “Young”), 

each=4))) 

#Annotation vector 

rownames(annotation)<-colnames(BD_corta) 

#Chose colors 

anno_col = list(Type = c(Mature = “green4”, Young=”blue”, Soil=”orange4”)) 

 

#Function to change font to italics 

newnames <- lapply( 

colnames(t(BD_corta)), 

function(x) bquote(italic(.(x)))) 

 

#Colors 

tr <- c(“aliceblue”, “cornflowerblue”, “royalblue”, “blue”, “mediumblue”, 

“navyblue”, “black”) 

#Save Figure 

tiff(“heatmap_amoles_00_class01.tiff”, units=”in”, width=13, height=5, 

res=200) 

pheatmap(t(BD_corta), 

#Function for Bray distance clusters 

clustering_callback= callback, 

#Trees options 

treeheight_row = 20, treeheight_col = 30, 

cluster_row = T, cluster_col = F, 

#Cells 

cellwidth = 15, cellheight = 14, 

#Column and row names 

show_rownames = T, show_colnames = T, 

#Leyendas 

legend = T, 

fontsize = 10, 

annotation_legend = T, 

annotation_row = annotation, 

annotation_colors = anno_col, 

#Genera names in italics 

labels_col = as.expression(newnames), 

#Heatmap legend colors 

color = colorRampPalette(colors = tr)(50)) 

““ 
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c) Non-metric multidimensional scaling and analysis of similarities 

(vegan V 2.5-7) 

## Load packages 

““{r message=FALSE, warning=FALSE} 

X= c(“ggplot2”, ”vegan”) 

lapply(X, require, character.only = TRUE) 

 

library(“RColorBrewer”) 

rm(list = ls()) 

““ 

## Load database 

““{r} 

#Absolute abundance of genera 

otus<- read.csv(“database.csv”,row.names=1) 

 

#Variables database 

metadata<- read.csv(“VARdatabase.csv”, row.names = 1) 

 

#Qualitative variable order 

metadata$Type <- factor(metadata$Type, levels=c(“Mature”, “Young”, “Soil”)) 

 

““ 

## Sample selection 

““{r} 

#Selection based on abundance 

good_samples <- colnames(otus[(colSums(decostand(otus,”pa”)) >= 1)])    

otus = otus[,good_samples] 

metadata = metadata[good_samples,] 

““ 

## Samples on row and genera names as columns 

““{r} 

t_otus <- as.data.frame(t(otus)) 

““ 

## Random rarefied community data 

““{r} 

min_depth = min(colSums(otus)) 

t_otus_rarefied <- as.data.frame(round(rrarefy(t_otus, min_depth))) 

““ 

## Selection of distance method 

““{r} 

sqrt_t_otus_rarefied = sqrt(t_otus_rarefied) 

rank.totus <- rankindex(as.matrix(sqrt_t_otus_rarefied), t_otus_rarefied, 

indices = c(“bray”, “euclid”, “manhattan”, “horn”), method = “spearman”) 

print(paste(“The highest rank was given by the”, names(sort(rank.totus, 

decreasing = TRUE)[1]), “method.”)) 

““ 

## Distance matrix 

““{r} 

otus_dist = as.matrix((vegdist(t_otus_rarefied, “bray”))) 



154 

 

““ 

## NMDS from distance matrix 

““{r} 

NMDS = metaMDS(otus_dist);NMDS 

stressplot(NMDS) 

““ 

## Envfit with environmental variables 

““{r } 

#Selection of environmental variables 

envdata<-metadata[,35:51] 

 

#Envfit with 999 permutations 

set.seed(200) 

fit <- envfit(NMDS, envdata, perm = 999, na.rm = TRUE) 

scores(fit, “vectors”) 

plot(NMDS, type = “t”) 

plot(fit) 

 

#Qualitative variable for color selection 

grp1 <- metadata$Type 

  

#Colors: 

cols <- c(‘red’, ‘orange’, ‘blue’) 

cols[grp1] 

 

#Save figure 

jpeg(filename = “NMDS_envfit.jpeg”, units=”in”, width=8, height=6, res=400, 

quality = 100) 

#Margin adjust 

par(mar=c(5,6,1,1)) 

plot(NMDS, display = “site”, type = “n”, cex.axis=1.8, cex.lab = 1.9) 

abline(v=0, col=”gray”, lty=2, lwd=2) 

abline(h=0, col=”gray”, lty=2, lwd=2) 

points(NMDS, bg = cols[grp1], cols= “black”, cex = 3.5, pch = 21) 

legend(‘topleft’, legend = tools::toTitleCase(levels(grp1)), 

fill = cols, bty = ‘o’, cex = 1.5) 

plot(fit, p.max = 0.05, col = “black”, cex=1.8) 

 

#Envfit data (variables, loadings and P values) 

fit_tab <-as.data.frame(fit$vectors$arrows) 

fit_tab$r2 <- fit$vectors$r 

fit_tab$pvalue <- fit$vectors$pvals 

 

““ 

## Genera envfit 

““{r } 

set.seed(4) 

amoles.spp.fit <- envfit(NMDS, t_otus_rarefied, permutations = 999) 

table_fitamoles <- as.data.frame(amoles.spp.fit$vectors$arrows) 

table_fitamoles$r <- amoles.spp.fit$vectors$r 
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table_fitamoles$pvalue <- amoles.spp.fit$vectors$pvals 

 

#Write results table 

write.csv(table_fitamoles, “amoles.spp.fitSP.csv”) 

 

#Save figure 

jpeg(filename = “NMDS_envfit_generos.jpeg”, units=”in”, width=8, height=6, 

res=400, quality = 100) 

par(mar=c(5,6,1,1)) 

plot(NMDS, display = “site”, type = “n”, cex.axis=1.8, cex.lab = 1.9) 

abline(v=0, col=”gray”, lty=2, lwd=2) 

abline(h=0, col=”gray”, lty=2, lwd=2) 

points(NMDS, bg = cols[grp1], cols= “black”, cex = 3.5, pch = 21) 

legend(‘topright’, legend = tools::toTitleCase(levels(grp1)), 

fill = cols, bty = ‘o’, cex = 1.5) 

plot(amoles.spp.fit, p.max = 0.001, col = “black”, cex = 0.8) 

 

““ 

# ANOSIM 

## Distance matrix 

““{r} 

dist1 = as.matrix((vegdist(t_otus_rarefied, “bray”))) 

set.seed(100) 

#ANOSIM based on qualitative variable 

anosim_tipo = anosim(dist1, metadata$Type, permutations=999) 

#Summary and plot 

summary(anosim_tipo) 

plot(anosim_tipo) 

““ 

# Paired ANOSIM 

““{r} 

# Database division by variable levels 

MP_YP = t_otus_rarefied[c(1:4, 9:12),] 

MP_S = t_otus_rarefied[c(1:8),] 

YP_S = t_otus_rarefied[c(5:12),] 

 

# Qualitative variable 

a = metadata[c(1:4, 9:12),] 

b = metadata[c(1:8),] 

c = metadata[c(5:12),] 

 

# Paired ANOSIM 

set.seed(100) 

#test 

anosim(MP_YP, a$Type) 

anosim(MP_S, b$Type) 

anosim(YP_S, c$Type) 

““  



156 

 

d) Principal component analysis (factoextra V 1.0.7 and FactoMineR V 

2.4) 

## Load packages 

““{r message=FALSE, warning=FALSE} 

X(“FactoMineR”, “factoextra”) 

lapply(X, require, character.only = TRUE) 

 

knitr::opts_chunk$set(comment = NA) 

rm(list = ls()) 

““ 

## Load database 

““{r} 

MPcomp<- read.csv(“database.csv”, row.names = 1) 

 

#Factor selection 

MPcomp<-MP[,c(8:28) ] 

 

#Qualitative variable order 

MP$Type <- factor(MP$Type, levels=c(“Mature”, “Young”, “Soil”)) 

““ 

#Selection of variables 

““{r} 

MPcut <- MPcomp[, -c(1, 13, 18, 19, 20)] 

MP$Type <- factor(MP$Type, levels = c(“Mature”, “Young”, “Soil”)) 

names(MPcut) 

paste(names(MPcut), collapse= “, “) 

““ 

## PCA 

““{r } 

PC_mcs<- PCA(MPcut, graph = FALSE) 

 

#Summary 

summary(PC_mcs) 

 

#Eigen value 

get_eig(PC_mcs) 

 

#Explained variance by each dimension 

fviz_screeplot(PC_mcs, addlabels = TRUE, ylim = c(0, 50)) 

#Variable contribution to each dimension 

fviz_contrib(PC_mcs, choice=”var”, axes = 1:2 ) 

 

#Variables 

var <- get_pca_var(PC_mcs) 

contrib<- var$contrib 

contrib <-contrib 

con<- data.frame(contrib[, 1:2]) 

 

#Save data as new file 
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write.csv(con, “contrib_pca.csv”) 

 

#Colors for variable levels 

jco <- c(“#33A02C”,”#1F78B4”, “#B15928”) 

 

#Save figure 

jpeg(filename = “PCA_figure.jpeg”, units=”in”, width=8, height=6, res=400, 

quality = 100) 

fviz_pca_biplot(PC_mcs, labelsize = 6, repel = TRUE, 

#Individual variables 

#Bullet point form 

geom.ind = “point”, 

#Color for level variable 

fill.ind = MP$Type, col.ind =”black”, 

#Size and shape of bullets 

pointshape = 21, pointsize = 4, 

#Colors 

palette = jco, 

#Add ellipse 

addEllipses = TRUE, ellipse.level=0.50, 

# Variables 

col.var = “contrib”, 

#Legends 

legend.title = list(fill = “Type”, color= “% Contrib”)) + 

#Color scale for contribution of variables 

scale_color_gradient2(low = “gray87”, mid = “gray50”, high = “gray0”, 

midpoint = 6)+ 

#Font size 

theme(text = element_text(size = 12), 

axis.title = element_text(size = 12), 

axis.text = element_text(size = 12)) 

 

#Loadings from dimension 1 y 2 

dim<-as.data.frame(PC_mcs$ind$coord)[, 1:2] 

dim 

write.csv(dim, “dims_pca_AA.csv”) 

““ 
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e) Random forest (randomForest V 4.6-14) 

## Load packages 

““{r} 

library(randomForest) 

rm(list = ls()) 

““ 

# Load database 

““{r} 

BD<- read.csv(“database.csv”, row.names = 1) 

attach(BD) 

 

#Variable selection 

var <-c(“Type”, “CN”, “C”, “N”, “Ca”, “Na”, “K”, “Mg”, “Cu”, “Fe”, “Zn”, 

“Mn”, “OM”, “NH4”, “NO2_NO3”, “P”, “pH”, “EC”, “Clay”, “Silt”, “Sand”) 

BD_short <- BD[, var] 

BD_short$Type <- as.factor(BD_short$Type) 

““ 

# Model 

““{r} 

# Train and validation sets (70:30). 

set.seed(100) 

train <- sample(nrow(BD_short), 0.7*nrow(BD_short), replace = FALSE) 

TrainSet <- BD_short[train,] 

ValidSet <- BD_short[-train,] 

 

#Independent variables 

feat <-c(“CN”, “N”, “Ca”, “Na”, “K”, “Mg”, “Cu”, “Fe”, “Zn”, “Mn”, “NH4”, 

“NO2_NO3”, “P”, “pH”, “EC”, “Clay”, “Silt”, “Sand”) 

#Response variable 

resp <- “Type” 

 

#Model 

formula <- as.formula(paste(resp, “~”, paste(feat, collapse = “+”))) 

#Test model 

model1 <- randomForest(formula, data = TrainSet, importance = TRUE) 

model1 

#Error rate 

model1$mse[[500]] 

plot(model1, type = “h”) 

 

# Model tuning. Adjust tree number and number of variables to use on each 

classification 

ntree <- 1000 

mtry <- 6 

model2 <- randomForest(formula, data = TrainSet, ntree = ntree, mtry= mtry, 

importance = TRUE) 

model2 

#Error rate 

model2$mse[[ntree]] 
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#Test model 

resumen <- as.data.frame(importance(model2)) #MeanDecreaseAccuracy 

varImpPlot(model2, type = 1) 

abline(v=mean(resumen$‘%IncMSE‘), col= “red”) 

““ 

#Model verification 

““{r} 

#Prediction on training data set 

predTrain <- predict(model2, TrainSet, type = “class”) 

#Verification 

table(predTrain, TrainSet$Type)  

 

#Prediction on validation data set 

predValid <- predict(model2, ValidSet, type = “class”) 

#Verification 

mean(predValid == ValidSet$Type) 

table(predValid,ValidSet$Type) 

““ 
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f) Redundancy analysis (vegan V 2.5-7) 

## Load packages 

““{r} 

library(vegan) 

rm(list=ls()) 

““ 

## Load database 

““{r} 

#Genera 

gen <- read.csv(“genero.csv”, row.names = 1) 

 

#Variables 

env<- read.csv(“variables.csv”, row.names = 1) 

 

#Qualitative variable order 

env$Type <- factor(env$Type, levels=c(“Mature”, “Young”, “Soil”)) 

““ 

## Hellinger transformation for relative abundances of the genera 

““{r} 

spe.log <- log1p (gen[, -1]) 

spe.hell <- decostand (spe.log, ‘hell’) 

““ 

## Uncosntrained Model 

““{r} 

modelo0 <- rda(spe.hell); modelo0 

 

# Obtention of model axis 

PCA12 <- scores (modelo0, display = ‘sites’, choices = 1:6) 

 

tbRDA_PCA12 <- rda (spe.hell ~ PCA12) 

#Variance explained by the model 

RsquareAdj (tbRDA_PCA12)$r.squared*100 

““ 

#RDA model 

““{r} 

# Model 

tbRDA <- rda (spe.hell ~ Leu+Tyr+Arg, data = env);tbRDA 

 

#Variance explained by the new model 

R2.obs <- RsquareAdj (tbRDA)$r.squared; R2.obs*100 

““ 

## Monte Carlo test 

““{r} 

# Model variables 

env_short <- env[, c(“Leu”, “Tyr”, “Arg”)] 

 

#Permutations 

set.seed(200) 

n.perm <- 999 
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# Function to perform permutations 

R2.rand <- replicate (n = n.perm, expr = { 

env.rand <- env_short[sample (1:12),] 

#Model 

tbRDA.rand <- rda (spe.hell ~ Leu+Tyr+Arg, data = env.rand) 

RsquareAdj (tbRDA.rand)$r.squared 

 }) 

 

#1000 permutations in vector R2 

R2 <- c (R2.rand, R2.obs) 

 

#Plot 

hist (R2, nclass = 1000, xlim = c(0,1)) 

#Red line depicts observed variance against permutations values 

abline (v = R2.obs, col = ‘red’) 

range (R2.rand) 

 

#Monte Carlo test 

P <- sum (R2 >= R2.obs)/(n.perm + 1);P  

 

#ANOVA to check Monte Carlo test 

set.seed(200) 

anova (tbRDA, permutations = 999) 

““ 

## Explained variance by model (red) and not explained (black) 

““{r fig.height=4, fig.width=6} 

#Variation as percentage 

constrained_eig <- tbRDA$CCA$eig/tbRDA$tot.chi*100 

unconstrained_eig <- tbRDA$CA$eig/tbRDA$tot.chi*100 

expl_var <- c(constrained_eig, unconstrained_eig) 

 

#Plot 

barplot (expl_var[1:20], ylim=c(0,100), #ylim ajusta límites del eje 

col = c(rep (‘red’, length (constrained_eig)), 

rep (‘black’, length (unconstrained_eig))), 

las = 2, ylab = ‘% variation’) 

““ 

## RDA plot 

““{r} 

#Simple plot 

ordiplot(tbRDA, choices = c(1,2)) 

 

#RDA axis summary 

R.sum <- summary(tbRDA) 

 

#Explained variance by each axis 

R.sum$cont 

 

#AS percentage 
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RDA1 <- round(R.sum$cont$importance[2, “RDA1”]*100, 2) 

RDA2 <- round(R.sum$cont$importance[2, “RDA2”]*100, 2) 

 

#Enfit variables 

ef <- envfit (tbRDA, env_short, choices = c(1,2), permutations = 999) 

#Colors 

cols <- adjustcolor(cols, alpha.f = 0.9) 

grp1 <- env$Type 

 

#Save figure 

jpeg(file=”RDA_nmds_AA_text.tiff”, units=”in”, width=8, height=6, quality 

= 100, res = 400) 

#Plot margins 

par(mar=c(5,5,1.5,1)) 

#Final plot 

ordiplot (tbRDA, choices = c(1,2), type = ‘n’, 

xlab= paste0(“RDA1 (“, RDA1, “%)”), 

ylab= paste0(“RDA2 (“, RDA2, “%)”)) 

#Bullet points 

points (tbRDA, choices = c(1,2), display = ‘sites’, bg = cols[grp1], cex = 

2.1, pch = 21) 

#Envfit (vectors) 

plot(ef, cex=1) 

#Legend 

legend(‘topright’, legend = tools::toTitleCase(levels(grp1)), 

fill = cols, bty = ‘o’, cex = 1) 

““ 

## Test with more variables 

““{r} 

#RDA plot 

ordiplot (tbRDA, choices = c(1,2), type = ‘n’) 

points (tbRDA, choices = c(1,2), display = ‘sites’, pch = as.character 

(env$Type), col = env$Type) 

#Data base with new variables 

BD<- env[, 35:51] 

set.seed(200) 

ef <- envfit (tbRDA, BD, choices = c(1,2), permutations = 999) 

 

#Plot with envift of new variables 

plot (ef, p.max= 0.05) 

 

#R and P values 

ef1 <- as.data.frame(ef$vectors$arrows) 

ef1$r2 <- ef$vectors$r 

ef1$pvals <- ef$vectors$pvals 

““ 
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g) Canonical correspondence analysis (vegan V 2.5-7) 

## Load packages 

““{r message=FALSE, warning=FALSE} 

library(vegan) 

rm(list=ls()) 

““ 

## Load database 

““{r} 

BD <- read.csv((“enzimas_transformado_prom03_junio21.csv”), row.names = 

2)[-71,] 

BD <- BD[, -c(1,5,7:9)] 

# Change into factors the variables for further use: 

BD$Concentration <- as.factor(BD$Concentration) 

BD$Metabolite_Type <- as.factor(BD$Metabolite_Type) 

 

# Desired order of the variables to use: 

BD$Concentration <- factor(BD$Concentration, 

levels = c(“None”, “Low”, “Medium”, “High”)) 

BD$Metabolite <- factor(BD$Metabolite, 

levels=c(“Control”, 

“Oxalic”, “Tartaric”, 

“Lactose”, “Maltose”, 

“Arginine”, “Methionine”)) 

““ 

## Selection and rename of the variables 

““{r} 

#Two data set with the variables selected for the model 

ACTABU <- BD[, c(5,6, 11:13)] 

NUT <- BD[,c(7,8, 14,17)] 

 

#Rename variables columns 

colnames(ACTABU) <- c(‘Nitrogenase’, ‘log nifH’, ‘APM’, ‘APD’, ‘log phoD’) 

colnames(NUT) <- c(‘NH4’, ‘NO2+NO3’, ‘DIP’, ‘DON:DOP’) 

““ 

## CCA Model 

““{r } 

# Formula of the model (Y~X, data=database) 

vare.cca <- cca(NUT ~ Nitrogenase+log.nifH+APM+APD+log.phoD, data=BD) 

 

# Complete results 

vare.cca 

 

# Summary of the results 

summary(vare.cca) 

““ 

## Validation of the model 
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““{r } 

# Significance of the model: Permutation test (permutations 999) 

anova (vare.cca) 

 

# Significance by axis: Permutation test (permutations 999) 

anova (vare.cca, by = ‘axis’) 

““ 

## Variance/Inertia explained by the model 

““{r} 

sum <- summary(vare.cca) 

#Total inertia of the model 

vare.cca$tot.chi 

 

#Inertia explained by constrained variables 

sum$constr.chi 

 

#Inertia explained by unconstrained variables 

sum$unconst.chi 

 

#Proportion of inertia explained by the constrained variables: 

paste0(round((sum$constr.chi*100)/vare.cca$tot.chi, 2), “% of inertia 

explained by the constrained variables”) 

#Variance explained by components 

#CCA1 

round(sum$cont$importance[2,1]*100, 2) 

 

#CCA2 

round(sum$cont$importance[2,2]*100, 2) 

 

““ 

## Base plot 

““{r fig.height=7, fig.width=9} 

plot(vare.cca, display = c(“sites”,”species”), 

type=”t”, scaling = “symmetric”) 

““ 

## Edited plot to save in high definition 

““{r fig.height=7, fig.width=9} 

#Parameters for colors and forms 

tipos <- BD$Metabolite 

conx <- BD$Concentration 

pch <- c(3,21,24,22) 

cols <- c(“black”, 

“dodgerblue”, “blue4”, 

“darkolivegreen1”, “forestgreen”, 

“darkgoldenrod1”, “chocolate4”) 

 

# tiff(“CCA.tiff”, units=”in”, width=8, height=7, res=300) 

#Margins 
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par(mar = c(5,4,2,2)) 

#Base plot without points or title axis 

plot(vare.cca, type=”n”, scaling = “symmetric”, 

xlab=””,ylab=””) 

#Title axis 

mtext(side=1, line=3, 

paste(‘CCA1: ‘, round(sum$cont$importance[2,1]*100, 2), ‘%’), 

col=”black”, cex=1.5) 

mtext(side=2, line=2, 

paste(‘CCA2: ‘, round(sum$cont$importance[2,2]*100, 2), ‘%’), 

col=”black”, cex=1.5) 

#Points 

points(vare.cca, scaling = “symmetric”, 

bg = cols[tipos], 

col= “black”, 

pch = pch[conx], 

cex=1.5) 

#Vectors 

text(vare.cca, display=”bp”, scaling = “symmetric”, col= “blue”, cex=1.2) 

#Species or response variables 

text(vare.cca, display = “species”, col= “red”, scaling = “symmetric”, 

cex=1.2) 

#Legends 

with(BD, legend(“bottomleft”, cex=1.2, 

legend = levels(Metabolite), bty = “n”, 

col = “black”, pch = 21, pt.bg = cols)) 

with(BD, legend(“bottomright”, cex=1.2, 

legend = levels(Concentration), bty = “n”, 

col = “black”, pch = c(3,21,24,22), pt.bg = “black”)) 

 

““ 
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h) Sparse partial least square discriminant analysis (mixOmics V 6.16.1) 

# Load packages 

““{r } 

X= c(“mixOmics”, “vegan”) 

lapply(X, require, character.only = TRUE) 

 

rm(list=ls()) 

““ 

# Load database 

““{r} 

#Absolute abundance 

otus<- read.cs(“database.csv”,header = TRUE, row.names = 1) 

““ 

# Genera selection 

““{r} 

#Above 1% of relative abundance and with two or more counts per sample 

BD<- otus[rowSums(apply(otus,2,function(x) x/sum(x)*100) >=1)>=2,] 

head(BD) 

#Normalization 

BD_corta<- apply(BD,2,function(x) x/sum(x)*100) 

 

#Write new file with selected taxa 

write.csv(x = BD_corta, file = “ABREL_generos1_Redes.csv”) 

““ 

# Load new file 

““{r} 

# New database 

BD_taxas<- read.csv(“newdatabase.csv”, row.names = 1) 

 

# If needed transposition. Samples as row names and taxa as columns names 

head(BD_taxas) 

BD_taxas <- t(BD_taxas) 

# Categoric variables 

metadata<- read.csv(“VAR_data.csv”, header = TRUE, check.names = FALSE, 

row.names = 1) 

metadata<-metadata[-22, 1:28] 

BD_var <- metadata[, c(7, 4)] 

 

# Merge databases 

BDCom <- merge(BD_var, BD_taxas, by= “row.names”) 

rownames(BDCom) <- BDCom[,1] #Rename rownames 

BDCom[,1] <- NULL #delate new columne 

head(BDCom) #Check 

 

# Qualitative variable order 

BDCom$Type <- factor(BDCom$Type,levels = c(“Mature”, “Young”, “Soil”)) 

““ 

# sPLS-DA by type 

““{r} 
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#Vector with type levels 

BD_Lugar <- BDCom[, -1] 

““ 

## Test model 

““{r} 

#Y variable (Response) and X variables (explication variables): 

BD_Lugar <- BD_Lugar[c(1:12, 37:47), ]#Central 

BD_Lugar <- BD_Lugar[-c(1:12, 37:47), ]#Meseta 

 

spe.log <- log1p (BD_Lugar[, -1]) #Taxa only 

x <- decostand (spe.log, ‘hell’) #Hellinger transformation for relative 

abudances 

 

x <- BD_Lugar[, -1] #TAXA 

y <- BD_Lugar$Type 

 

#Colors 

colors <- c(‘red’, ‘orange’, ‘blue’) 

 

#Default values for first model 

MyResult.splsda <- splsda(x, y, keepX = c(50,50), ncomp = 2, scale = TRUE) 

#Plot 

plotIndiv(MyResult.splsda, ind.names = FALSE, legend=TRUE, 

ellipse = TRUE, star = TRUE, title = ‘sPLS-DA on type’, 

X.label = ‘PLS-DA 1’, Y.label = ‘PLS-DA 2’, 

col = colors)     

#Significant taxa cutoff =>0.7 

plotVar(MyResult.splsda, var.names = TRUE, cutoff = 0.7) 

 

#Performance plot 

auc.plsda <- auroc(MyResult.splsda) 

# Values correspond to Wilcoxon test 

 

#Significant variables by component 

selectVar(MyResult.splsda, comp=1)$value      

plotLoadings(MyResult.splsda, contrib = ‘max’, method = ‘mean’, comp = 1) 

““ 

### New model 

““{r} 

#Model 

MyResult.plsda2 <- plsda(x,y, ncomp=5) 

 

#Test number of components 

set.seed(30) 

MyPerf.plsda <- perf(MyResult.plsda2, validation = “Mfold”, folds = 3, 

progressBar = TRUE, nrepeat = 50) 

#Plot 

plot(MyPerf.plsda, col = color.mixo(5:7), sd = TRUE, legend.position = 

“horizontal”) 

#Error rate 
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MyPerf.plsda 

MyPerf.plsda$error.rate 

““ 

### Model tuning 

““{r} 

# Vector to test number of classification variables. As big as the number 

of variables. 

list.keepX <- c(1:10, seq(15, 200, 20)) 

list.keepX  

 

set.seed(30) 

tune.splsda.srbct <- tune.splsda(x, y, ncomp = 4, 

validation = ‘Mfold’, 

folds = 3, dist = ‘max.dist’, progressBar = T, 

measure = “BER”, test.keepX = list.keepX, 

nrepeat = 10)  # 

# Error rate 

error <- tune.splsda.srbct$error.rate 

 

ncomp <- tune.splsda.srbct$choice.ncomp$ncomp; ncomp 

# Suggested number of components 

 

select.keepX <- tune.splsda.srbct$choice.keepX[1:ncomp]; select.keepX 

#Suggested number of taxa for classification 

““ 

### Final model 

““{r , test-rgl, webgl=TRUE} 

#Tunned model 

MyResult.splsda.final <- splsda(x, y, ncomp = ncomp, keepX = select.keepX) 

 

tiff(“PLSDA_redes_13.tiff”, units=”in”, width=7, height=4.5, res=300) 

plotIndiv(MyResult.splsda.final, ind.names = F, pch = c(15,16,17,18), 

legend=TRUE, legend.position= “bottom”, legend.title = “”, 

ellipse = TRUE, title = ‘sPLS-DA’, 

X.label = paste(“Component 1 (“, 

round(MyResult.splsda.final$prop_expl_var$X[[1]], 3)*100, “%)”), 

Y.label = paste(“Component 2 (“, 

round(MyResult.splsda.final$prop_expl_var$X[[2]], 3)*100, “%)”), 

Z.label = paste(“Component 3 (“, 

round(MyResult.splsda.final$prop_expl_var$X[[3]], 3)*100, “%)”), 

size.xlabel = rel(1.4), 

size.ylabel = rel(1.4), 

size.zlabel = rel(1.4), 

size.axis = rel(1.2), 

ellipse.level = 0.95, 

col = colors) 

 

tiff(“Type_PLSDA_redes_VAR.tiff”, units=”in”, width=8, height=5, res=300) 

plotVar(MyResult.splsda.final, var.names = TRUE, cutoff = 0.7)  #variables 

(*) 
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auc.plsda <- auroc(MyResult.splsda.final) #Curva ROC 

 

#Performance results 

vars <- selectVar(MyResult.splsda.final, comp=1)$value   

# Change component to review results 

 

# Variables plot 

tiff(“Types_plsda_redes_comp3.tiff”, units=”in”, width=6, height=15, 

res=300) 

plotLoadings(MyResult.splsda.final, contrib = ‘max’, method = ‘mean’, comp 

= 3, 

size.title = rel(1), size.name = 0.6, 

xlim = c(-0.4, 0.4), border = TRUE) 

 

#Loadings 

loadings <-MyResult.splsda.final$loadings$X 

write.csv(loadings, “Type_loadings_redes_X.csv”) 

 

vips <- vip(MyResult.splsda.final) 

write.csv(vCips, “Type_vips_redes.csv”) 

 

#Performance of tunned model 

MyPerf.plsda <- perf(MyResult.splsda.final, validation = “Mfold”, folds = 

3, 

progressBar = TRUE, nrepeat = 50) 

plot(MyPerf.plsda) 

MyPerf.plsda$error.rate #Error rate 

 

#Cross Validation (Classification Error Rate) 

MVA.test(x, y, model = “PLS-DA”, ncomp = ncomp, K=47, 

kout = 7, kinn = 6, Q2diff = 0.05, 

p.method = “fdr”, nperm = 999) 

““ 

 

 

 




