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ABSTRACT
Under the extreme arid conditions of deserts, long periods of drought, nutrient-poor
soils and high temperatures severely challenge the primary productivity of the
ecosystem. Desert plants have evolved morphological and physiological adaptations
against abiotic stresses. Along with these adaptation strategies they can recondition
their surrounding soil, which will result in the enrichment of nutrients and moisture in
the soil surrounding the plant. Although such self-fertilization may support the growth
of other sympatric plant species under the plant, competitive exclusion mechanisms
(i.e., allelopathy) reduce this possibility. Consequently, this will affect the diversity and
functionality of the edaphic microbial communities. I hypothesize that desert
xerophytes recondition the soils surrounding their body along with combining the
‘fertility’ and ‘allelopathy’ mechanisms to create a favorable new niche in desert
ecosystem. I tested this hypothesis on the soil reconditioned by Welwitschia mirabilis
growing in its native environment, the Namib Desert, Namibia. The collected soils were
first used to confirm that Welwitschia manipulates the surrounding soil creating a
‘fertile’ but ‘exclusive’ soil area around the plant. Along with evaluating the effect of the
reconditioned soil on the germination and plant development under normal irrigation
and controlled drought condition, using barley as phytometer. The physio-chemical (i.e.,
WHC and WP) and microbial community analyses demonstrate that W. mirabilis
reconditions the surrounding soil creating an environmental gradient around itself, in
which the fertility is increased, through the accumulation and incorporation of shed
reproductive parts of the plants (i.e., cones) in the surrounding soil, that will stimulate
the plant growth under drought stress. Along with the fertilization effect, soil
reconditioning also favor the antagonist effect (i.e., allelopathy) against plant
competitors (e.g., new germinating seeds) to protect its ecological niche. Furthermore,
the microorganisms and/or soluble/thermolabile molecules contribute to the
allelopathic effect activated by the soil-reconditioning around W. mirabilis. The
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interactions among W. mirabilis, soil and microbes highlight an adaptive strategy that
combines soil fertilization and allelopathy that I defined as “Alleolofertility” strategy.
This allelofertility island surrounding the W. mirabilis may contributes to explain the
evolutionary success of such a ‘living fossil’.
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AIM OF THE WORK
The polyextreme environmental conditions of desert (i.e., water limitation, high
temperature level, lack of nutrients, and soil salinity) limit plant establishment, growth,
and reproduction (Day & Ludeke, 1993; Noy-meir, 1974). Certain plants, known as
xerophytes, have developed specific morphological and physiological adaptive strategies
to survive in the harsh conditions of the desert (Fahn & Cutler, 1992; Wickens, 2013).
Beside these adaptations, the physical and biotic interactions driven by the plant can
positively recondition their local environment (Finzi et al. 1998; Lovett et al., 2004). The
modification of the surrounding soil often results in the creation of ‘fertility islands’, in
which organic matter, nutrients and moisture are enriched in the soil (Camargo-Ricalde
and Dhillion, 2003; Ridolfi, 2008). To ensure their development, plants can also activate
competitive exclusion mechanisms (i.e., allelopathy) to disfavor the possibility that
other sympatric plants proliferate in their niche this competing for resources (Molisch
1937; Rice 2012). The net effect of these positive (fertility) and negative (allelopathy)
adaptative mechanisms of desert plants is the creation of unique specific ecologicalniches that have important effects on the overall dynamics of desert vegetation
(diversity, productivity, and distribution of the plant communities; Chen & Zeng, 2003),
as well as on the assembly and functionality of the edaphic microbial communities
(Bonkowski et al., 2009; Muller et al., 2016).
Microorganisms (i.e., bacteria, archaea and fungi) are among the first and main
colonizers of desert habitats, largely contributing in determining soil structure and
composition (Bonkowski et al., 2009). Soil- and plant-associated microorganism play
important roles in many aspects of desert ecosystem, among other they may help in
preventing soil erosion and improve growth of desert plants (Eida, 2018; Soussi, 2016).
In this scenario, understanding how plant, soil and microbes interact together and
benefit each other, can provide new information regarding the strategies and
mechanism that may enhance desert plant establishment and resistance to stresses.

12

Shaaban D.H.

13

Master Thesis

My work is part of an international project in collaboration with the Gobabeb Training
and Research Center and the University of Pretoria that has as main purpose the study
of the desert microbiome. Particularly, my Master thesis is aimed to verify if deserts
plants can combine the ‘fertility’ and ‘allelopathy’ mechanisms previously described in
literature (Camargo-Ricalde, 2003; Hierro, 2003; Ridolfi, 2008; Rice 2012) to create a
more favorable niche in desert ecosystems. First, I intended to evaluate the
reconditioning-process driven by desert plants using two main indicators of soil
modification: i) the physio-chemical properties of soil (i.e., organic matter and water
capacity) and ii) the associated edaphic microbial community (i.e., diversity, composition
and functionality). Furthermore, I assessed the effect of the reconditioned soil on the
growth and development of surrounding plants to prove the capacity of desert plant to
combine fertilization and competitive mechanisms during stressful condition (i.e.,
drought).The extreme arid environment, such as the gravel plain of Namib Desert, has
been selected to study the formation of ‘allelofertility’ island mediated by the “living
fossil” plant Welwitschia mirabilis. I tested the fertility and allelopathy of soil
surrounding W. mirabilis in microcosms assays by using a bioassay based on the
germination of allochthonous seed (e.g., barley) and their development under different
levels of stress. I also extracted the total DNA from the soil reconditioned by W.
mirabilis and performed high-throughput metagenomic sequencing of bacterial,
archaeal and fungal communities.
The overall aims of my study were to: i) reveal the environmental conditions of the soil
reconditioned by W. mirabilis (i.e., physio-chemistry and associated microbiome), ii)
understand the ecological importance of the plant-soil-associated microbial community,
and iii) test the hypothesis that W. mirabilis create an ‘self-conditioned allelofertility
island’ to increase its fitness in the harsh conditions of the Namib Desert.
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Chapter 1: Ecology, adaptation and evolution of meta-organisms in desert
ecosystems.
Abstract. Plants inhabiting desert ecosystem evolved specific morphological and
physiological adaptations that allow them to survive the polyextreme conditions
imposed by arid environment, such as low nutrients and moisture level. Beside these
adaptations, plants are able to self-condition the surrounding microenvironment
creating more favorable conditions for their survival by improving soil fertilization and
their potential competitiveness. The modification of plant-microenvironment is a
fundamental ecological adaptation for the plant itself, as well as for the overall
ecosystem that benefit of it (i.e., desert organisms), including the microbial communities
associated with such soils. In this review, I provided a critical overview on the edaphic
microbial communities (i.e., bacteria, archaea and fungi) associated with desert soils
and their role in the soil surrounding desert plants. The composition, structure and role
of the edaphic microorganisms affected by plant soil-conditioning are discussed. A
deeper understanding of the factors affecting microbial communities, population
dynamics and interaction in the complex mechanisms of soil reconditioning processes
by desert plants would help to understand the direct and indirect strategies evolved by
xerophytic metaorganisms (plant and microorganisms) to ameliorate the overall plant
fitness and resilience in deserts.

Keywords. Deserts, Plant xerophytic adaptation, Soil reconditioning, Microbiome,
Fertility Island, Fertilization, Competition, Allelopathy

1.1. Introduction

Deserts (hot and cold) are dry-barren regions of sand or rocks/gravel (Figure 1.1A and B)
having a moisture deficit over the course of the year (i.e., <200 mm of rain per year;
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Sandquist 2014, contrasted by a much higher water evapotranspiration). They cover
about 35% of the Earth’s land area (Laity, 2009; Figure 1.1C), representing the most
extensive terrestrial biome (Thomas, 1997; Laity, 2008). In desert areas, besides limited
water availability, the elevated temperature and sun irradiation, high salinity and low
nutrients further contribute to create a hostile environment for life (Chamizo et al.,
2012; Lester, Satomi and Ponce et al., 2007; Sandquist, 2014; Stomeo et al., 2013).
According to the UNEP (1992), deserts are defined as those regions with an aridity index
(ratio among annual precipitation and potential evapotranspiration, P/PET) of less than
one (Whitford, 2002; Tsakiris & Vangelis, 2005; Stomeo et al., 2013), indicating how
losses of moisture through evaporation are more frequent than the annual precipitation
received (Deserts, 2018).
The polyextreme conditions of deserts (i.e., low resource availability, extreme
temperatures and water scarcity) are the environmental selective forces driving the
distribution and diversity of organisms (Noy-meir, 1974; Gutterman, 2002;
Makhalanyane et al., 2015). Within these organisms, vegetation is an important
component defining the desert biome. The first most important challenges for desert
plants are water scarcity and low nutrient content of arid soils, in which organic matter
is low (Aroca et al., 2012, Wallace, 1980). In these conditions, only specialized plants can
survive and exhibit specific xerophytic and phreatophytic adaptive traits, including
morphological and physiological changes of both above- and below-ground
compartments (Sandquist 2014; Wickens, 2013; Danin, 1996, Fahn & Cutler, 1992). Such
adaptations optimize water management by reducing the amount of water lost by
evapotraspiration (i.e., xerophytes; Fahn & Cutler, 1992) and favoring moisture uptake
at or near the water table (i.e., phreatophytes; Wickens, 2013).
Besides these adaptative strategies, plants recondition the surrounding soil creating
favorable niches for their establishment and growth. During this process, the soil
surrounding the plant is enriched in nutrient and organic matter, with a consequent
improvement of its water holding capacity (fertility island effect; Ridolfi, 2008). At the
same time, strategies to enhance competition and exclusion of other plants (i.e.,
15
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allelophaty) are also implemented, in order to limit the competition for the limited
resources by other plants (Molisch 1937; Rice 2012). Such plant-mediated soil
reconditioning strategies can remarkably affect the overall soil chemistry, as well as on
the edaphic microbial community (Bonkowski et al., 2009; Muller et al., 2016).

Figure 1.1. Image and distribution of arid land. (A and B) Pictures of sandy dune and gravel plain areas of
Namib Desert, Namibia, respectively. (C) Distribution map of non-polar arid land; map available online at
https://pubs.usgs.gov/gip/deserts.

Microorganisms (i.e., bacteria, archaea, and fungi) are considered, together with the
plants, one of the most important components of desert ecosystems (Bonkowski et al.,
2009). They are defined as the ‘biological engine of the earth’ (Ritz et al. 2004) and are
the first to colonize arid and poor soils (Mapelli et al. 2012; Borin et al. 2010).
16
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Microorganisms maintain and manage the soil structure and composition, modulating
several processes within soil, including those associated with fertility (e.g., organic
matter decomposition; Gregorich & Carter 1997). In arid environments, beneficial
edaphic microorganisms are essential not only for soil but also for plant-metaorganisms;
they interact with soil, and (directly or indirectly; Spaepen et al., 2009) with plants,
providing valuable ecological services to promoting its growth, protection, and
productivity (Bashan & Holguin, 2002; Marasco et al., 2012; Rodriguez et al. 2008) In this
context, understanding the ecology of the edaphic microbiome harbored by the soil
reconditioned by desert plants may improve the efforts to comprehend the overall
ecological processes taking place during plant-metaorganisms adaptation in desert
ecosystems. Thus, here I assess the available knowledge on the composition, structure
and functionality of the microbial communities (i.e., bacterial, archaeal and fungal)
associated with soil reconditioned by plants in hot deserts, categorizing the plants selfreconditioning of soil in two main categories: (i) fertilization (Ridolfi, 2008) and (ii)
competition/exclusion (Rice, 2012) strategies.

1.2. Plant ecological adaptation and their role in desert soil reconditioning

1.2.1. Xerophytic and phreatophytic adaptation of plants to survive in desert
ecosystem. Desert is an extreme environment in which only adapted organisms can
withstand (Wickens, 2013; Danin, 1996, Fahn & Cutler, 1992). Although the abiotic
stresses of desert (i.e., water limitation) create various challenges to its’ flora (Thorup,
1969; Aroca et al., 2012), desert plants evolved numerous mechanisms (i.e.,
morphological, physiological and ecological) dedicated to improve their water
management by i) reducing transpiration, ii) increase water absorption and iii) meliorate
water storage (Sandquist, 2014; Smith, 1998). Drought tolerance and avoidance are the
main strategies used by desert plants for optimal fitness and success (Hesp, 1991;
Schuster, 2016). Drought tolerant plants include xerophytes, halophytes, phreatophytes,
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and succulents, while drought avoidant plants include annuals and ephemerals (Singh,
2015; Vishwakarma, 2017).

Figure 1.2. Plant adaptation strategies (xerophytes and phreatophytes). (A) Distinction between
xerophytes

and

phreatophytes

plants

adaptation

strategies;

(image

taken

from

www.slideshare.net/spottyzebra/desert-biomes. (B) Pencil cholla inhabit in Joshua Tree National Park; it is
a xerophytic plant has evolved its leaves in spines for avoiding water evapotranspiration. (C)
Acanthosicyos horridus occupy the dunes of Namib Desert, Namibia; it is a phreatophytic plant with long
taproot involved in the uptake of deep soil water from the ephemeral rivers of this desert (e.g., Kuiseb).

In sandy and gravel hot desert, xerophytic and phreatophytic plants (Figure 1.2A) are
the most abundant. The first category, the xerophytic plants, evolved specific adaptative
traits to store as much of the water available and overcome water loss altering stomata
characteristics and the photosynthetic physiology, developing small leaves or even none
at all (e.g., cacti; Figure 1.2B; Mares, 2017). On the contrary, phreatophytes plants have
long taproots (up to 50 mt) able to reach the water table in order to access the tap
ground water supplies and survive during long periods of drought (e.g., Acanthosicyos
horridus, Figure 2C; Klopatek, 1994). Due to this adaptation, phreatophytes have a
relatively constant supply of water and therefore do not need to store it (Robinson,
1958).
18
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1.2.2 Plant self-conditioning of surrounding soil in desert environment

1.2.2.1 Establishment and stability of fertility islands. Depict the complex processes
activated by the interaction among plant and soil is a key point to understand the
stability and functionality of vegetation in response to the polyextreme conditions of
deserts (Ehrenfeld et al. 2005). In arid soil, nutrients are concentrated in the surface
because nutrients input mainly occur via dust, weathering and deposition of plant litter
(Jobbágy, 2001). The reduced amount of rainfall further reduces the downward leaching
of nutrient into soils (Lehmann, 2003). Desert plants (i.e., shrubs and trees) play an
important role in the vertical and horizontal redistribution of soil nutrients (i.e., C, N and
P; Jobbágy, 2001; Yao, 2017). They evolved the capacity to self-reconditioning the
surrounding soil, modifying and redistributing nutrients and organic matter (Finzi et al.
1998; Lovett et al., 2004). This process results in a spatial heterogeneity of soil sources
(Garcia-Moya and McKell et al., 1970; Schlesinger et al., 1990, 1996), in which a
nutrient-rich zone capable of improved water retention, defined as ‘fertile islands’ (or
‘resource islands’) is surrounded by low-nutrient soils (i.e., inter-plant area; Schlesinger
et al., 1996; Camargo-Ricalde and Dhillion, 2003). Such nutrient-rich zones originate
from the complex interaction of biotic and abiotic processes that start with the
accumulation of plant litter (i.e., dry plant material) under plant canopy and the
surrounding area (Figure 1.3). At the same time, the transport of organic matter and
biological material mediated by animal, wind and water (Chew and Whitford et al.,
1992; Garner and Steinberger et al., 1989), along with the overgrazing disturbance (Kieft
et al., 1998), contribute to the establishment of soil niche in which fertility is enhanced.
Examples of desert plants able to manipulate the composition and properties of the
surrounding soil are the spiny trees and shrubs belonging to the Prosopis genus
(Fabaceae, Mimosoideae; Rossi & Villagra, 2003; Nobel, 1988; Schade & Hobbie, 2005).
The autogenic fertilization of these plants significantly increases the concentration of
organic matter, phosphorus, potassium and nitrogen under their canopies. In the study
of Saixiyala et al., 2017, organic matter, total nitrogen and water content were
19
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significantly higher in the soil beneath the Caragana intermedia shrub canopies than in
the soil outside the canopies. A similar strategy is adopted by Welwitschia mirabilis, a
‘living fossil’ endemic to Namib Desert. Abrams and colleagues (1997) demonstrated
that soils surrounding W. mirabilis plants significantly increase nutrients accumulation
(i.e., organic carbon, nitrogen, phosphate and electrical conductivity) than the soils
between plants. The majority of litter is composed by shedding of reproductive parts
(i.e., flowers and cones) of the plants that are slowly incorporated into the soil (Figure
1.3C). The leaves are leathery and massive and not represent the main source of
biological material (litter), but are fundamental to create a microenvironment with
relatively moderate thermal and moisture regimes that facilitate an increased resilience
to drought (Schulze et al., 1980; March, 1990). As measured by March (1990), the soil
below W. mirabilis reaches 40°C and a moisture content of 0.5%, while the noncolonized soil exposed to sun was over 70°C with a significantly lower content of
moisture (0.2%).

Figure 1.3. The biotic and abiotic processes driving the formation of fertility island. (A) Scheme showing
the abiotic and biotic processes driving the development of fertility island under shrubs (modified from Li
et al., 2017; Abrams et al., 1997). These processes may include (1) interception of windblown material, (2)
root uptake, (3) enhanced infiltration, (4) litter deposition, (5) stemflow, and (6) throughfall. (B) Larrea
tridentate, a creosote bush found in Western North America that can induce the formation of fertility
island accumulating and entrapping litter under its canopy (Mabry, 1977). (C) Welwitschia mirabilis,
endemic plant of Namib Desert, Namibia, able to enrich the nutrients and carbon contents in the
surrounding soil (picture credit to Ramona Marasco).
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The abiotic (i.e., trapping of windblown materials) and biotic processes (i.e., deposition
of litter) are not the only ones involved in the development of ‘fertile islands’ in dryland.
In fact, the microorganisms inhabiting the soil (and their interactions) play an important
role (Bashan & de Bashan, 2010; Makhalanyane et al., 2015; Kuske et al., 2002). They
can modulate the nutrients availability, directly through the enrichment of organic
matter and influencing the solubilization of several nutrients (i.e., P, K, Ca, S; Jones,
2011; Bolan, 2011); indirectly, by stimulating the growth of plants through mutualistic
symbiosis’s with plants roots (i.e., rhizosphere and mycorrhizae; Cross and Schlesinger,
1999; Wardle et al. 2004; Whitford, 2002).
The overall beneficial effect of nutrient accumulation and microenvironment formation
is often coupled with an enrichment of beneficial microorganisms (e.g., Streptomyces
spp. and N-fixing bacteria; Kuske et al., 2002) and an increment of the soil enzymatic
activities (Thompson et al., 2006), such as microbial β‐glucosidase and polyphenol
oxidase (Yao et al., 2019). These extracellular enzymes mediate the degradation,
transformation and mineralization of soil organic matter starting from the cellulose and
lignin components of litter, respectively (Thomas, 2012; Sinsabaugh 2010). Soil texture
and soil organic matter (SOM) are key factors determining soil water holding capacity
(Carter, 2002). Soil texture determines the surface to volume interaction with water, so
the larger the surface area (i.e., smaller particle sizes of silt and clay), the easier it is for
the soil to hold water (Hillel, 2012). Soil organic matter (SOM) from decayed material
originated from living organism (i.e., plant litter) favors water retention and increments
in soil SOM always positively correlate with gains in water holding capacity (Abrams et al
1997; Brady, 2008; Kögel-Knabner, 2002).

1.2.2.2 Allelopathy mechanisms to favor plant establishment in desert fertility island.
During the creation of self-advantageous soil environments, plants can either positively
(favoring; Figure 1.3B) or negatively (excluding; Figure 1.3C) affect the establishment of
other neighboring grasses beneath their canopies (Saixiyala et al., 2017; Rossi & Villagra,
2003), strongly influencing the overall plant community structure and composition
21
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(Berg, 2009). Plants developing exclusion mechanisms such as allelopathy preserve soil
fertility for their growth. These ‘allelopathic plants’ activate biological mechanisms in
order to reduced seed germination and seedling growth of other plant species in their
proximity (Molisch 1937; Rice, 2012; Cipollini, 2012). This process starts with the release
in the surrounding soil of secondary metabolites, known as allelochemicals, from
different plant tissues of the root system or the canopy and/or by decomposition,
leaching and volatilization of organic matter residues (Cipollini, 2012; Figure 1.4A).
Allelopathic inhibition mediated by plants is complex and can involve the interaction of
different classes of chemicals, such as phenolic compounds, flavonoids, terpenoids,
alkaloids, steroids (Li, 2010; Figure 1.4B). Furthermore, physiological and environmental
stresses (i.e., limited nutrient and moisture) can also enhance the allelopathic
suppression of competitor plants (Pedrol, 2006).

Figure 1.4. Pathways and dynamics for release of allelochemicals into the environment. (A) Schematic
representation of possible pathways of release into the environment: (1) exudation and deposition on the
leaf surface with subsequent washing off by rainfall; (2) exudation of volatile compounds from living green
parts of the plant; (3) decay of plant residues (e.g., litter and dead roots); and (4) root exudation. (B) Input
and output dynamics of allelochemicals in soil. In soil, diverse factors affect the availability of
allelochemicals, and consequently their effective influence on target plants. Leaching, physiochemical
processes, microbial breakdown and uptake by plants are factors that can reduce the soil concentration of
allelochemicals, while incorporation/ absorption in/ by soil organic matter can favor their activity (from de
Albuquerque et al., 2011).
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The increment and reduction of the allelopathic effect can be also modulated by the
microbial degradation of natural product and allelochemicals (Cipollini, 2012). Soil
microorganisms, in particular, Fusarium, Pseudomonas and Thielaviopsis can influence
the bioavailability of allelochemicals (e.g., phenolic acids and alkaloids) by the
decomposition of plant residues in soil (Cipollini, 2012). At the same time, allelopathic
molecules can be not only converted, but also directly released by soil-borne
microorganisms (first study of Kaminsky, 1981). Kaminsky (1981), with soil transfer
experiments, demonstrated the inhibition of plant growth close to Adenostoma
fasciculatum (a shrub of Rosaceae family) was due to soil-borne microorganisms and not
to shoots leachates; when soil under canopy was transferred in an open field,
phytotoxicity persists, while when soil from control sites was placed under the shrub,
plants can colonize the area. Fumigation of soil under the canopy also reduced the
phytotoxicity. Similar results were obtained in Israel, studying the competitive
mechanisms of Coridothymus capitatus (Labiatae; plant density 16-fold less under the
plant compared to intra-shrub soil; Katz et al., 1987). Microcosms experiments showed
that annuals (e.g., Plantago psyllium and Erucaria hispanica) had reduced seed
germination of 45% when grown in shrub-affected soil (Katz et al., 1987). Notably,
treatment of soil with allelopathic plant litter increased bacterial populations (Vokou et
al., 1984), with an enrichment of actinomycetes (36.2-fold compared to control soil
among shrubs; Katz et al., 1987) possibly involved in the transformation/secretion of
allelochemicals. Nevertheless, microorganisms may suppress plants also through
competition, for instance by immobilizing nutrients (Jenkinson, 1998; Wardale and
Nilsson, 1997). Details on the direct and indirect allelopathic mechanisms driven by
microorganisms are discussed in the next section.
1.3 Biodiversity of microbial communities in desert ecosystem: ecology and functional
role of edaphic microorganisms

23

Shaaban D.H.

24

Master Thesis

Microorganisms constitute the dominant life form on earth, and are the basis for the
evolution of more complex life (i.e., animal and plant; Zavarzin, 2003; Madigan and
Martinko 2006). Microorganisms (i.e., fungi, archaea and bacteria) have colonized
extensively almost all Earth’s biospheres, including extreme environments (Rampelotto,
2013). The most important factor shaping ecosystems and regulating microbial
communities is climate (Breshears et al., 2008; Kelly and Goulden, 2008; Noy-Meir
1974), and deserts, having limited water and nutrient availability, extreme
temperatures, high radiation and limited availability of organic carbon (Sterflinger et al.
2012), provide one of the most extreme environmental conditions for microbial life
(Direito et al. 2011).

1.3.1 Study of edaphic microorganisms in deserts. Deserts host a complex and
biodiverse ecosystem containing billions of microbes that live, reproduce and interact
each other’s in a single gram of sand/soil (Raynaud, 2014; Vollmer, 1997) and include
bacteria, archaea and fungi (Bonkowski et al., 2009; Muller et al., 2016). Each
community has its unique characteristics that correspond to the different functions they
play in the ecosystem (Rousk et al., 2010). Moreover, the structure and abundance of
such communities are mainly influenced by the range and severity of several factors
(i.e., abiotic stresses) affecting the inhabited environment (Lauber et al., 2009; Angel et
al., 2010; Rousk et al., 2010; Stomeo et al., 2012).
Microorganisms play important roles in soil, such as chemical transformations and
fertilization processes (Jacoby, 2017). While early studies supported the concept of
desert ‘sterility’ by very low levels of viable/cultivable microorganisms (due to the
limited portion [<1%] of environmental microorganisms cultivable; Riesenfeld et al.
2004), the applications of DNA/RNA-based molecular methods showed a contrasting
picture (among others, Fierer and Jackson, 2006). The development of molecular
culture-independent methods made possible to study the total microbial communities,
leading to new insight and deepened our understanding of microbial life in desert
ecosystem (Daffonchio et al., 2015; Riesenfeld et al. 2004). Metagenomic and PCR–
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based methods including next generation sequencing [NGS, Tringe, 2005] and
fingerprinting techniques [denaturing gradient gel electrophoresis (Muyzer et al. 1993),
terminal-restriction fragment length polymorphism (Osborn et al. 2000)] have been
developed to study the total microbial DNA extracted from environmental samples
(Rastogi and Sani, 2011). These approaches do not rely on any form of cultivation, nor
on any prior knowledge about the microbial communities present in the samples
(Riesenfeld et al. 2004).
These approaches revealed large portions of previously undetected microbial groups
and highlight the potential importance of these previously cryptic taxa in extreme
environments (de Los Ríos et al. 2010; Andrew et al 2012).

1.3.2 Edaphic microbial diversity harbored by desert. In arid and semiarid soils, the
composition of soil microorganisms is significantly different form the one hosted my
other soil biomes (e.g., forest, temperate soils; Fierer et al., 2012). Several studied
revealed that desert arid and semi-arid soils host a reduced number of microbes, both in
term of cell abundance and diversity, in comparison with desert soils managed with
desert-farming techniques (Köberl et al., 2011, 2013, 2016; Marasco et al 2018;
Makhalanyane et al., 2015). For instance, it has been observed that the desert-farming
soils host approx. 1500- and 1000-times more gene copies of bacteria and fungi,
respectively, than the bulk sand with the same origin but not managed and such
communities were characterized by a higher phylogenetic diversity (richness) than the
non-managed desert soil (Figure 1.5).
The harsh environmental conditions largely common to all deserts, along with the
microbial cell inputs determined by the circulation of dust associated to sand storms,
determine common diversity traits in the microbial communities of different deserts
(Nagy et al., 2005).

Bacteria. Despite the different geographic location of arid lands and deserts across the
world (Figure 1.1C), the arid and semi-arid soils are consistently dominated by i)
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heterotrophic bacteria belonging to Actinobacteria such as Rubrobacter, Arthrobacter
and Thermopolyspora (Makhalanyane, 2015)) and Alphaproteobacteria such as
Ochrobactrum (Koberl et al., 2011) and Firmicutes (Li and Kong, 2018); ii)
photoautotrophic cyanobacteria, such as Pseudanabaenaceae, Chroococcidiopsis,
Phromidium, Microcoleus (Rao and chan, 2016); iii) ascomycete fungi including
Cladophialophora, Cladosporium, Leptosphaerulina, Alternaria; (Conley et al., 2006); iv)
Euryarchaeota archaea such as Methanosarcina and Thermotoplasmata (Angel and
Claus, 2012).

Figure 1.5. Microbial community shifts from desert soil to the same soil managed by desert-farming
techniques. Quantitative and compositional analyses of microbial communities associated with desert
and desert-farming soil in Egypt. Chemistry of soil are also reported (right and left bottom) to underline
the enrichment of nutrients and organic carbon in desert-farming soil compared to barren desert sand.
Figure from Köberl et al., 2011.

Molecular analysis (i.e., DNA extraction, pyrosequencing and real-time quantitative PCR
approach) conducted on sandy deserts (e.g., Taklamakan desert, China; Gobi Desert,
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Mongolia [An et al. 2013]; Thar Desert, India [Rao et al., 2016; see Figure 1.6) confirm
the dominance of heterotrophic bacteria of the Proteobacteria (12-25%), Firmicutes (2570%) and Actinobacteria (9-15%). Contrary, in the oldest and driest Atacama Desert
(South America) and in the world-largest Sahara Desert (North Africa), Actinobacteria
and Chloroﬂexi were the most abundant bacteria, with a low abundance of
Acidobacteria and Proteobacteria (Neilson et al., 2012; Chanal et al., 2006). All the
bacterial taxa ubiquitous of desert ecosystems have in common the evolution of
multiple genetic and physiological mechanisms of resistance to arid and oligotrophic
desert conditions; for instance, the Chloroflexi have a protective layer that envelope the
cell (Tocheva, 2016), while Actinobacteria can create vegetative forms (e.g., spores) able
to resist to long period of drought and low nutrient availability (Griffiths, 2017). Notably,
Cyanobacteria are an important component of microbial communities both in hot and
cold deserts (e.g., Sonoran and Taklimakan; Lacap-Bugler et al., 2017). Members of this
phylum are photosynthetic or nitrogen-fixers, both fundamental functions in
oligotrophic arid environments (Chan et al., 2013). They also contribute to stabilize the
general conditions of desert soils, by improving soil stability, moisture retention and
fertility (Belnap and Gardner 1993). The ability of cyanobacteria to withstand the
stressful desert conditions (high UV irradiation, desiccation and water stress) provides a
significant competitive advantage (Cockell and Knowland 1999; Starkenburg et al., 2011;
Rajeev et al., 2013). Despite these advantages, cyanobacteria in the most extreme
hyperarid deserts are generally restricted to protected sub-lithic niches and biological
soil crusts (BSCs), with only limited cell numbers in surface soils (Makhalanyane, 2015).
The stable associations between cyanobacteria and other organisms like fungi, lichens
and mosses have a crucial role in stabilizing soil against erosion (de-Bashan et al., 2010,
Bashan et al., 2012, Xu et al., 2013) and constitute a favorable niche for the germination
of plant seeds (Belnap, 2013).
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Figure 1.6. Phylogenetic affiliation of microbial community recovered from the Thar Desert, India
(modified from Rao et al., 2016). (A-C) Diversity of microbial community associated with arid soil
(Jaisalmer), arid sand dune (Jaisalmer), semi-arid soil (Ajmer) and semi-arid endolithic (Ajmer) of the Thar
Desert. Phylogenetic position is reported for bacteria (A) fungi (B) and archaea (C). Taxonomic affiliations
are reported by color scale for each kingdom, while the soil origin is indicated by a letters-code: JB, arid
soil (Jaisalmer); JSD, arid sand dune (Jaisalmer); LL, semi-arid soil (Ajmer); A, semi-arid endolith (Ajmer).

Fungi. Together with bacteria, also fungi have an important ecological role in desert
ecosystems (Makhalanyane, 2015). Studies using both cultivation-dependent and independent approaches revealed high level of fungal diversity in arid environments
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(e.g., Negev and Sonoran deserts Grishkan, 2010; Carrillo‐Garcia, 2010), according with
their ability to tolerate stressful conditions (Waller et al., 2005; Sterflinger et al., 2012).
The majority of fungi detected in the desert belong to the Basidiomycota and
Ascomycota phyla and includes among others Cladosporium, Alternaria, Aspergillus,
Penicillium, Periconia and Giberella (Conley et al., 2006). Examination of the phylotypes
recovered from desert sand revealed the abundance of members capable of intense
melanisation (e.g., Chaetothyriales; Sterflinger et al., 2012), which protects them from
UV and solar irradiation.

Archaea. Finally, although they are relatively rare across many biomes, archaea are
particularly abundant in desert soils (Fierer et al., 2012). The thermophilic and
chemolithoautotrophic ammonia-oxidizers of the Thaumarchaeota phylum are the most
abundant in arid and semi-arid soils (Treusch et al. 2005; Brochier-Armanet et al. 2008).
Their ability to oxidize ammonia at low concentration play important roles in
biogeochemical cycling of nitrogen in oligotrophic environments (Hatzenpichler et al.,
2008). Recent metagenome sequencing of Indian desert soils found that stress-tolerant
anaerobic Euryarchaeota phylotypes such as Methanosarcina were an important
component of the desert soil prokaryotic community (Pandit et al., 2014; Rao et al
2016).

1.3.3 Functional services of desert microorganisms and their role in soil fertilization
and plant adaptation. As consequence of the evolutionary pressure of moisture- and
thermal-stress events, microorganisms have evolved special adaptation mechanisms for
which only those genes required to survive and respond appropriately to the physical
and chemical composition of these particular habitats are expressed and regulated
(Bohnert et al., 1995; Boor 2006, Colica et al., 2014). Arid soil metagenomes revealed a
higher abundance of genes associated with dormancy and stress response than in nonarid biomes (Fierer et al., 2012). Although microorganisms are the first soil colonizers
(Mapelli et al., 2012) and have an important role in the stability and productivity of
29
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deserts ecosystems (Belnap and Gardner 1993), their nutrient cycling rates are lower
compare to more mesic habitats (Fierer et al., 2007a, 2012). The enhancement of soil
fertility under plant canopies (i.e., fertility islands) promote microbial heterogeneity and
consequently the functionality of the entire soil-microbiome and bio-geochemical cycles
(Herman et al., 1995; Smith, 2015; Kuske et al., 2002).
Soil beneficial bacteria and fungi are key drivers of litter and organic matters
decomposition, and nutrient mineralization (Aguilera et al.,1999). Bacteria ameliorate
plant nutrient status by providing nutrients that are largely unavailable to plants
because they are stored in insoluble forms (Raddadi et al., 2007). For example, organic
acids and extracellular enzymes produced by phospahte-solubilizing bacteria (i.e.,
Bacillus and Paenibacillus; Jorquera et al., 2008) increase the solubilization of soil
phosphate, making it available for plant uptake (Puente et al., 2004). Similarly, the ferric
iron (Fe2+) that can be easily taken up by plants often results from bacteria reduction of
the low soluble Fe (OH)3 and from the chelating activity of microbial siderophores
produced, among others, by Streptomyces, Bacillus, Pseudomonas and Fusarium;
Egamberdiveya 2007). In desert soil, low nitrogen mineralization rates occur, especially
in non-vegetated areas between shrubs (Austin et al., 2004; Schade and Hobbie 2005).
This might induce the selection for diazotrophs and oligotrophic ammonia oxidizers
microorganisms

(e.g.,

cyanobacteria,

green

sulfur

bacteria,

rhizobia

and

Thaumarchaeota; Marques, 2019) that fixing the atmospheric nitrogen in NH3 and
oxidizing NH4+ to nitrite (NO2-), respectively, favor the nitrogen bioavailability and
cycling (Makhalanyane, 2015).
In the fertility island, plants develop their root system in the reconditioned soil
(Bonanomi, 2008). Throughout the secretion of root exudates in the rhizosphere
(defined as the thin layer of soil surrounding the root), plants establish an intimate
chemical interaction that could result in a positive association with beneficial soil
microbes (PGP, plant growth promoting), (Lugtenberg et al., 2009; Vessey et al., 2003).
PGP microorganisms stimulate plant growth by both direct and indirect mechanisms,
including (i) biofertilization (previously listed), (ii) biopromotion (mainly with the
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synthesis of phytohormones such as auxins, cytokinins, gibberellins; Egamberdieva,
2017), and (iii) biocontrol of phytopathogen (activation of induced systemic resistance;
Yang et al., 2009). PGP bacteria may regulate plant growth and development by using
one or more of these mechanisms (Glick et al., 2007), as well as by activating
allelopathic mechanisms (Cipollini, 2012; Figure 1.4).
Soil toxicity (allelophaty) has been partly related to microbial activity that during
alternating periods of drought and humidity accumulate toxins (Kaminsky, 1981).
Friedman et al., (1989) demonstrated that in areas exposed to intermittent drought,
drought-tolerant actinomycetes proliferate. Thus, water limitation alters microbial
populations and the relative concentration of microbial allelochemicals in the soil
resulting in different response/susceptibility of the plant to these molecules (Kennedy et
al., 1991; Friedman et al., 1989). For instance, allelochemicals released by
microorganisms may be specific (Scacchi et al., 1992; Hoagland, 1990) and act in
different ways depending on the nutritional conditions of the soil (Barazani and
Friedman 2001).

1.4 Conclusion

Plants have developed special adaptive strategies to overcome the polyextreme
environmental conditions of deserts. The biotic and abiotic processes driven by desert
plants (i.e., shrubs and trees) aimed to recondition their surrounding soil favor the
accumulation of resources (i.e., nutrient and organic carbon). This process, create a
favorable ecological niche for both plant and microorganisms, defined as “fertility
island”. Microorganism colonizing this soil niche can provide essential ecological services
such as bio-fertilization that can favor plant establishment (Li et al 2017).
While microorganisms favor the availability of water and nutrients for the plant, in
return the plant supplies carbon and nutrient resources for the microbial growth (Kuske
et al., 2002). The increase in microbial activity will lead to enhanced accumulation of
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resources (i.e., decomposition of organic matters, Jones, 2011), stabilization of soil
structure and increased water retention (Carter, 2002).
The processes of plant-soil-microbe interaction and habitat engineering in turn modify
the diversity, assembly and distribution of soil microbial communities. The advances in
molecular based approaches (DNA\RNA-based) can be applied to study the involvement
of microorganisms in the formation and persistence of fertility islands and their role in
sustaining ecosystem services for plant establishment and development in arid soils.
Although there is an increasing number of studies describing the functional capacity of
microbial communities, the link between community structure and function remains a
central challenge in microbial ecology, especially in desert ecosystems.
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Chapter 2: ‘Allelofertile’ soil islands self-conditioned by Welwitschia
mirabilis in the Namib Desert
Abstract. In response to nutrients limitation and water scarcity, deserts plants have the
capacity to reconditioning the surrounding environment to create favorable ecologicalniches defined ‘fertility island’. To reduce the competition for nutrient and water, desert
plant activates also exclusion mechanism (e.g. allelopathy) aimed to inhibit and reduce
the establishment of other plants. These positive (fertilization) and negative (exclusion)
processes driven by the plant significantly recondition the composition (i.e., nutrient
and water content) of the desert soil, thus affecting the edaphic microbial communities
associated. In this study, I aimed to assess the effect of Welwitschia mirabilis in the
formation of ‘allelofertility island’, in which fertilization and exclusion mechanisms are
combined to create a favorable microenvironment for the plant survival. Results showed
how W. mirabilis significantly affected the composition and structure of microbial
communities (bacteria, archaea and fungi). Microorganisms typical of arid environment
(Actinobacteria, Alphaproteobacteria, Thaumarchaeota and Ascomycota) and able to
carry important ecological service to the plant throughout fertilization process (i.e.,
decomposition of litter organic matter) were enriched in the soil of the allelofertility
island. I explored if microorganisms/metabolites were involved in the exclusion process
mediated by W. mirabilis in the allelofertile soil. Barley seeds incubated in the soil
sampled around W. mirabilis plants showed a delayed germination, followed by a
reduction biomass of adult plants. Sterilization and water-washing of this soil allowed a
normal germination rate of the seeds, suggesting that either thermolabile water-soluble
allelochemicals or antagonistic microorganisms can be involved in the allelopathic
mechanisms activated by W. mirabilis.
The overall results support the concept that desert plants, such as W. mirabilis, create
‘allelofertility island’ to modulate in their favor the diversity and functionality of the
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surrounding edaphic microbial communities. This could be an important adaptative
mechanisms in the evolutionary success of the ‘living fossil’ W. mirabilis.

Keywords. Welwitschia mirabilis, Allelofertile soil islands, Plant-soil-microbe interaction,
Namib desert, Microbiome, Polyextreme conditions.

2.1. Introduction

Land heterogeneity and environmental severity make deserts one of the most hostile
places for the establishment, development and distribution of plant communities
(Anderson et al., 2004; Mitchell et al. 2007; Mou et al., 1995; Laity, 2009;
Makhalanyane, 2015). Although, living in such environment may be challenging or in
some cases even impossible, a wide number of plants have evolved morphological,
physiological and behavioral adaptations to optimize water management and nutrient
uptake (Michael, 1999; Wickens, 2013 Fahn and Cutler, 1992).
Both biotic (i.e., deposition of litter and microbial activity) and abiotic processes (i.e.,
trapping of biological materials) are involved in the self-conditioning and redistribution
of water and nutrients (i.e., organic carbon, nitrogen and phosphate) in the soil
surrounding shrubs and trees inhabiting arid land (Coppinger et al., 1991; Schlesinger et
al., 1996). The enrichment of nutrients, organic matter and water retention create the
so called ‘fertility island’, an important adaptative strategy of desert plants to improve
and meliorate their microenvironment (Rossi and Villagra, 2003; Schade and Hobbie,
2005). The process of soil reconditioning around the plant is facilitated by the activity of
edaphic microorganisms (i.e., Streptomyces and Rhizobium sp; Bashan & de Bashan,
2010; Makhalanyane et al., 2015) that significantly contribute to the recycling of organic
matter (Powlson, 2001) and nutrients solubilization (Alori, 2017).
To

protect

the

developed

ecological

niche,

desert

plants

can

activate

competitive/exclusion mechanisms, including allelopathy. This phenomenon consists in
the generation of detrimental effects of one plant on the germination, growth, survival,
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and reproduction of another by releasing allelochemical metabolites. These allelopathic
molecule can diffuse in the surrounding soil by leaching, root exudation, volatilization,
residue decomposition, and other processes (Cipollini, 2012; Reigosa, 2006). The success
of this strategy may be partly contributed by the interference and interactions of such
allelochemicals with soil/plant associated microorganisms (Lou, 2016). The latest can
affect bioavailability of allelochemicals by decomposing litter (e.g., Pseudomonas and
Thielaviopsis, Cipollini, 2012), or by converting harmless plant-derived compounds to
more toxic forms (e.g., Acrospermum viticola; Gagliardo and chilton, 1992), as well as by
directly releasing allelopathic molecules (e.g., Streptomyces hygroscopicus; Barazani,
2001).
Auto-fertilization and allelopathic interactions are important strategies in determining
species distribution and abundance within plant communities in arid environments. One
successful example is given by the iconic plant Welwitschia mirabilis (plant sub-division
Gnetophytina) which can live and survive for thousands of years under the polyextreme
conditions of the hyperarid Namib Desert (Cooper, 2000; Henschel and Seely, 2000;
Chaw, 2000). The accumulation and incorporation of litter modify the soil surrounding
W. mirabilis by accumulating nutrients including nitrogen (Abrams et al., 1997).
Moreover, the shelter provided by the continuous growth of the evergreen broadleaves
creates a microclimate that alleviate the thermal and moisture regime respect to the
unvegetated barren soil (Schulze et al., 1980).
Due to the constant selective pressure of desert (i.e., water and nutrient limitation;
Aroca et al., 2012; Wallace, 1980), plants tend to protect their niche by
competing/excluding the vegetation in their proximity through allelopathic strategies
(Rice 2012). Possibly, leached phenolic compounds from the litter (e.g. the fruiting
cones) diffuse in the soil, or root and leaves exudates and volatile compounds can
weaken or inhibit the growth of native plants (Tedersoo, 2017). The development of the
W. mirabilis environmental-niche, in which fertility is increased and allelophatic
mechanisms implemented, guarantees to the plant a successful strategy to persist in the
hyperarid Namib Desert (Rossi & Villagra, 2003; Nobel, 1988; Schade & Hobbie, 2005).
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The self-recondition of the surrounding soil further provides a favorable
microenvironment for microorganisms, particularly of nitrogen-fixing and heterotrophic
microorganisms (Kuske et al., 2002), which directly contribute to the biological fertility
and nutrient cycling in the soil (Bolan, 2011). Even though the importance of
microorganisms in fertility and allelofertility mechanisms has been postulated and
recognized (Makhalanyane et al., 2015; Cipollini, 2012) as well as their ecological and
protective services for desert plants (Jones, 2011; Jenkinson, 1998), no studies were
conducted on the microbial ecology of the ‘allelofertility island’ that combine both the
inhibiting and promoting effects.
The assembly of the microbial communities in the soil re-conditioned by desert plans is
driven by the modification of the soil composition and structure, as well as by the
released/accumulated allelochemicals (Schlesinger et al., 1996; Rice, 2012; Cipollini,
2012). Here, I evaluate the self-conditioning effect (i.e., the creation of allelofertility
islands) of W. mirabilis on the soil it colonizes and, on the assembly, and selection of the
edaphic microbial community. I used the Namib Desert soil surrounding W. mirabilis
plants, the litter produced by the plant and and the barren soil not influenced by the
plant to measure in vivo - under both watered and controlled-drought conditions - the
induced fertility and allelopathy effects. Additionally, by using high-throughput
metagenomic sequencing of bacterial, archaeal and fungal communities I disentangled
the effect of W. mirabilis on the diversity and functionality of the edaphic
microorganisms associated with the ‘allelofertility island’.

2.2 Results and Discussion

2.2.1 W. mirabilis behaviours and ‘wash’ site ecosystem. W. mirabilis is a gymnosperm
endemic of the arid and semiarid ecosystems of Namibia and Angola. The area colonized
by this ‘living fossil’ is limited to 150,000 km2, from the Bentiaba River in southern
Angola to the Kuiseb River in Namibia and up to 100 km inland of the coast (Figure 2.1A;
Kers, 1967). The hyperarid central Namib Desert (Eckardt, 1999) is characterized by two
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principal sources of water, fog and rainfall (Bornman, 1973; Henschel, 2019). Fog
coming from the Atlantic Ocean and influencing up to 60 km2 inland (Eckardt, 2013;
Frossard, 2015) provides an important source of water for those animals and plants able
to collect and absorb it (Ebner, 2011; Henschel, 2008), while the sporadic rainfall events
guarantee a limited water source to desert organisms (around 100 mm per year;
Eckardt, 2013).
W. mirabilis populations of Namib Desert tends to occur mainly along ephemeral
watercourses and shallow plains (Jacobson and Lester, 1993; e.g., Kruiseb river, Figure
2.1A), indicating a possible dependence on ground water, in addition to precipitation
and fog (Bornman, 1973; Van Jaarsveld and Pond, 2013). The idea that W. mirabilis can
act as phreatophyte (absorbing water from ground water; Van Jaarsveld and Pond,
2013) is not based on evidence (Henschel et al., 2019), but only based on their
distribution and similarity with other plants in the same environment (among others,
Acanthosicyos horridus [!Nara melon] and Acacia greggii; Klopatek, 1994; Van Jaarsveld
& Pond, 2013). In 2019, after the excavation of six W. mirabilis plants, Henschel and
coauthors (2019) map the root system of the plants. The results showed that W.
mirabilis has an elongated shallow root system penetrating up to 2 m deep in the soil
but covering extended surface (up to 9 m) around the plant (Henschel et al., 2019). The
roots create a complex network of both major and fine spongy roots to increment
absorption of water from fog during the night (Bornman et al., 1972; Henschel et al.,
2019; Henschel et al., 2019; Fan et al., 2017).
W. mirabilis individuals studied in this work were located in the ‘W. mirabilis wash’
(Figure 2.1A and 2.1B). This site is a wide ravine characterized by a sandy channel in
which the predominant plant species is W. mirabilis (Figure 2.1.B; Abrams et al., 1997).
Plants had a diameter ranging from 95 to 190 cm (Table 2.1); according to their size, the
plants are about 500-1000 years-old (Lukaszkiewicz, 2008). These plants have unique
leaves: each plant has two leaves for its entire life, which grow outwards from the
meristem like fingernail (Butler, 1973). As the plants age the leaves splits and give the
appearance of multiple leaves (Figure 2.1C). Around the leaves, plants are surrounded
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by a dark-soil zone (hereafter ‘allelofertility island’) created by the accumulation and
incorporation of the litter in the soil (Abrams et al 1997, Figure 2.1C). The majority of
litter appears to be due to shedding of the reproductive parts of the plants (the male
reproductive cones; Supplementary Figure 2.1A and 2.1B) because the leaves are
leathery and massive (Abrams et al 1997). The males’ plants produce relatively small
cones (Supplementary Figure 2.1C) that presumably are rapidly decomposed by soil
microorganisms (Abrams et al 1997; Kögel-Knabner, 2002). As previously observed by
Abrams and collegues (1997) in the same site, soil surrounding W. mirabilis male plants
has significantly higher levels of nutrients (Mg, Na, K, Fe, P, N), organic carbon and soil
electrical conductivity compared to the soil between plants. The increment of these
components around the plant underlines the capacity of W. mirabilis to self-fertilize its
surrounding soil.

Figure 2.1. Distribution and habitat of W. mirabilis. (A) Distribution map of W. mirabilis along the arid
and semiarid regions of Namibia and Angola (modified from Pekarek et al., 2016). Red circle indicated the
‘W. mirabilis wash’ site investigated in this study. (B) Photograph of the ‘W. mirabilis wash’ site inhabited
by W. mirabilis plants. (C) Photographs of one of the W. mirabilis plants sampled; the black ‘allelofertility’
halo around the plant is visually distinguishable (darker soil) from the whitish barren soil.

The dark halo surrounding the selected plants extend over to 150-255 cm away from
plant, covering a portion equal to the size of the plant that originated it (in average ratio
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1:1; Supplementary Table 2.1). As it possible observe in the Figure 2.1C, the intensity of
the black color gradually decreases moving away from the plant.
In the environmentally stressful habitat in which the W. mirabilis plants occurs,
temperature and relative humidity of air and soil were very variable along the year,
following both seasonality (winter vs summer) and day/night excursion (Figure 2.2). In
the ‘W. mirabilis wash’, temperatures of superficial barren soil can be up to 50°C (Figure
2.2A). Below the plants this maximum decrease of few degree (~46°C), possibly due to
the shelter provided by the plant leaves. In January 1982, despite higher temperatures
were measured below the unvegetated soil surface (maximum, 60°C in one day
measurement), a substantial reduction of temperatures were observed below the plant
litter (maximum, 40°C; March, 1990).

Figure 2.2. Humidity and temperature range in the ‘W. mirabilis wash’. (A) Relative humidity (%) and (B)
temperature experienced by air (blue), unvegetated barren soil (grey) and soil under W. mirabilis plants
(brown) along the year (from April 2018 to May 2019).

In the case of relative humidity, plants reduce the variability observed in the bulk soil
not influenced by the plant and maintain a more stable environment: for the 50% of the
year soil under the plant had 40-60% of relative humidity, while these values were
encountered by barren soil and air only for 28% of the year time (Figure 2.2B).
Additionally, measures of the water holding capacity (WHC) conducted on our samples
revealed that WHC of the litter (Z0) and the initial part of the allelofertility island (Z1)
are significantly higher than those of barren unvegetated soil (Table 2.1). Soil WHC is a
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very important characteristic for sustaining plant growth and it is primarily controlled by
soil texture and organic matter content (Carter, 2002; Brady, 2008). A higher
concentration of organic matter originated from the plant litter in the soil (Novara,
2015) increases the retention of water (Pettit, 2004). Such water retention significantly
influences the wilting point of the soil (WP; Table 2.1) and consequently the water
available for plant (WHC - WP; Brady, 2008; Kögel-Knabner, 2002). It is defined as the
minimal amount of water in the soil that the plant requires not to wilt. Below this point
a wilted plant can no longer recover its turgidity (for example in the in vivo experiment,
see Figure 8). Notably, litter and the allelofertility island soil showed the higher WP
values (Table 1), confirming the capacity of the W. mirabilis litter to positively increase
the fertility of soil.

Table 2.1. Measurements of water holding capacity (WHC) and wilting point of soil (WP) along the W.
mirabilis allelofertility gradient, from zone Z0 to zone Z5.

Category
Litter
Allelofertility start
Allelofertility middle
Allelofertility border
Barren

Zone
Z0
Z1
Z2
Z3
Z4+Z5

Water Holding Capacity
30.05 ± 14.85 (a)
17.24 ± 6.57 (ab)
12.87 ± 1.36 (b)
10.31 ± 2.45 (bc)
6.61 ± 1.92 (c)

Wilting point
15.88 ± 3.13 (a)
9.33 ± 4.71 (ab)
5.69 ± 0.84 (b)
4.25 ± 1.15 (bc)
3.16 ± 0.19 (c)

These observations confirmed the results reported by March (1990), where significantly
higher values of moisture were measured below W. mirabilis plants compared to nearby
exposed areas. Modifications of both fertility and microclimate (thermal/moisture
regimes) create favorable microhabitats for W. mirabilis. The microhabitats below W.
mirabilis attract numerous animals and a variety of insects (Bornman, 1971), as well as
enrich the presence and activity of microorganisms (Bonkowski et al., 2009; Muller et
al., 2016).

2.2.2 Microbial communities’ structure and diversity across W. mirabilis allelofertility
island gradient. After quality trimming, exclusion of non-target co-amplicons (i.e.,
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chloroplast and mitochondria) and unclassified reads, a total of 10,642,750, 12,313,856
and 13,140,865 bacterial, archaeal and fungal reads, respectively, were generated
(Table 2.2). The recovered sequences were clustered into 2,334 unique operational
taxonomic units (OTUs; 97% nucleotide identity) for bacteria, 117 for archaea and 410
for fungi (Table 2.2).

Table 2.2. Quality metrics of high-throughput sequencing (MiSeq Illumina) analysis.

Kingdom
Bacteria
Archaea
Fungi

Used
10,642,750
12,313,856
13,140,865

Unassigned
106,674
733,101
1,046,282

Non-target
3,185
51,220
n.d.

<0.001%
108,789
6,915
20,140

N. OTU
2,334
117
410

Rarefaction curves indicating the OTU richness per sample generally approached
saturation (Supplementary Figure 2.3). Litter microbial communities were much less
diverse than those in the allelofertility island and the barren soils (shape of rarefaction
curves in Supplementary Figure 2.3).
The microbial diversity within each sample (alphadiversity) was analyzed based on the
richness (number of OTUs) and evenness indices (Figure 2.3). The W. mirabilis
allelofertility island gradient significantly affected the richness of bacterial (F 5,113=180,
p<0.0001),

archaeal

(F5,110=18.7,

p<0.0001)

and

fungal

(F5,114=3.6,

p=0.005)

communities. Notably, the distribution of richness changed in function of the kingdom
analyzed (Figure 3A-C). Not considering the litter samples, the richness significantly
increased starting from allelofertility island to barren soil in bacterial communities
(F=230, p<0.0001, R2=0.7; Figure 3A), while in the archaeal community an opposite
trend was observed (F=40, p<0.0001, R2=0.3; Figure 3B). No significant correlation
between location (sampling zone) and richness was found for fungi (F=0.5, p=0.47;
Figure 3C).
For evenness estimate, a clear effect of W. mirabilis soil-reconditioning was found for
archaeal (F5,110=4.6, p=0.0006; Figure 3D) and fungal (F5,114=13.2, p<0.0001; Figure 3E)
communities, but not for bacteria (F5,113=1, p=0.4; Figure 3F). Except the lower archaeal
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evenness of litter, highly comparable measures were recorded for the allelofertility
island and the barren soil (F=2, p=0.16; Figure 3E). In contrast, barren soils fungal
communities showed significantly higher eveness than the fertility island where it
progressively decreased (F=51, p<0.0001, R2=0.34; Figure 3F).

Figure 2.3. Alpha diversity estimates of the microbial communities. (A-C) OTUs richness (number of
observed OTUs) and (D-F) evenness were calculated for bacterial, archaeal and fungal communities. Box
plots display the first (25%) and third (75%) quartiles, the median and the maximum and minimum
observed values within each data set.

Through a process mediated by the decomposition and incorporation into the soil
matrix of the plant litter (Abrams et al 1997; Kögel-Knabner, 2002), the allelofertility
island selected its communities from the microbial-pools present in the surrounding soil
(Makhalanyane et al., 2015). As showed by the Venn diagrams, the allelofertility island
communities were also enriched with all the microorganisms carried by the litter (Figure
2.4A-C). In fact, no OTUs were detected as litter-specific and 31%, 46% and 80% of
bacteria, archaea and fungi, respectively, were ubiquitously detected, i.e., associated
with all the categories (litter, allelofertility and barren; Figure 2.4A-C). However, these
values increased up to 86%, 72% and 95%, respectively, when only allelofertility island
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and barren soils were considered (Figure 2.4A-C). Interestingly, generalists (represented
by the spheres around the center of the triangles) and soil specialists (spheres along the
allelofertility-barren edges of the triangles) were the main categories detected by
ternary plot in all the communities (Figure 2.4D-F), with more abundant specialist-OTUs
than generalist ones.

Figure 2.4. W. mirabilis allelofertility island recruitment process. Venn diagram detecting (A) bacterial,
(B) archaeal and (C) fungal specialist (only present in one category) and generalist (shared among soil
categories) OTUs. Ternary plot revealing relative abundance (dot size) and generalist or category-specific
behaviors of (D) bacterial, (E) archaeal and (F) fungal OTUs among W. mirabilis allelofertility island’
gradient.

The observed selective process is mainly driven by incorporation and degradation of
litter into the soil (Kögel-Knabner, 2002). The enrichment of organic matter in the soil is
an important driver of edaphic microbial communities’ recruitment and assembly in arid
and semi-arid environments (Bashan & de Bashan, 2010; Kuske et al., 2002). The
complex moisture/chemistry gradient along the W. mirabilis allelofertility island
transition determines specific micro-niches that ultimately leads to a gradual
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differentiation between edaphic microbial communities associated with litter,
allelofertility island and barren soil (ANOVA, bacteria: F5,110=27.7, p=0.001; archaea:
F5,113=54.6, p=0.001; fungi: F5,514=16.6, p=0.001). Principal coordinate analysis (PCoA) of
OTUs’ composition revealed a ‘horseshoe shape’ ordination of the samples, starting
from the litter (Z0), moving to the allelofertility island (Z1-Z3) and ending with the
barren soils (Z4 and Z5). The ordinations explained up to 68.1, 70 and 51.1% of the total
compositional (Bray-Curtis) variation in bacteria, archaea and fungi, respectively (Figure
2.5). Notably, cross-validation analysis of the defined zones (from Z0 to Z5) revealed
relatively low percentages of misclassification for all the communities (5, 22. 4 and
17.5% in bacteria, archaea and fungi, respectively) with a consistent overlap among
samples belonging to successive, zones while samples belonging to litter constitutes a
clearly separate cluster (Supplementary Table 2.2).

Figure 2.5. Beta diversity of microbial communities associated with W. mirabilis allelofertility island.
Principal coordinate analysis (PCoA) of (A) bacterial, (B) archaeal and (C) fungal communities based on
Bray-Curtis similarity matrices.

2.2.3. Microbial communities’ taxonomic composition and predicted functions across
the W. mirabilis allelofertility island gradient. Microbial communities associated with
the allelofertility island created by W. mirabilis were comprised of the same dominant
phyla/class with different overall contributions (Figure 2.6).
60

Shaaban D.H.

61

Master Thesis

Figure 2.6. Microbial community composition along the W. mirabilis allelofertility gradient. Average
relative abundance of (A) bacterial, (B) archaeal and (C) fungal communities at different taxonomic level.
Microbial communities’ composition at phylum, family and class levels, respectively.

Bacteria. Bacterial communities comprised a total of 19 bacterial pyla, 45 classes, 79
orders (95% classified), 104 families and 176 genera. In particular, samples were
dominated by Proteobacteria (Alphaproteobacteria, 35%), followed by Actinobacteria
(22%), Bacteroidetes (19%), Firmicutes (13%) and Chloroflexi (5%). Along the fertility
gradient (from litter to barren soil), Firmicutes and Bacteroidetes showed a significant
drop passing from 63% to 13% of the sequences’ relative abundance (Figure 2.6A).
Opposite trend was detected for Actinobacteria and Chloroflexi that together passed
from 4% in the litter and 17-21% in the allelofertility island, up to 37-40% in the barren
unvegetated soils (Figure 2.6A). It was expected to observe that Alphaproteobacteria,
Actinobacteria, Bacteroidetes, Firmicutes and Chloroflexi dominated the gravel plain of
Namib Desert communities (Ronca, 2015). These ubiquitous phyla have been detected
in arid and semi-arid soil worldwide scale (Delgado-Baquerizo et al., 2018;
Makhalanyane et al., 2013; Ronca et al., 2015; Rao et al., 2016; Schulze-Makuch et al.,
2018). Furthermore, members from these phyla are well-known for their diverse genetic
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(e.g. multi-stress related genes; Undabarrena et al., 2017) and physiological (e.g.,
Chloroflexi’s protective layered cell envelope structure, Overmann, 2008; Lacap et al.,
2011; sporulation of Actinobacteria; Kroos and Maddock, 2003; Gao and Garcia-Pichel,
2011) resistance mechanisms to the arid and oligotrophic desert conditions

Table 2.3. Functional prediction of the bacterial communities along the W. mirabilis allelofertility
gradient. Values indicate percentage of metabolic pathway categories (relative abundance) possibly
involved in biogeochemical cycling of carbon and nitrogen in each zone of the gradient (from Z0 to Z5).

Predicted function

Z0
47.28
47.13
0.34
0.32
0.43
0.21
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.05
0.34
0.34

Chemoheterotrophy
Aerobic chemoheterotrophy
Manganese oxidation
Nitrate reduction
Fermentation
Aromatic compound degradation
Methylotrophy
Methanol oxidation
Nitrate denitrification
Nitrite denitrification
Nitrous oxide denitrification
Denitrification
Dark hydrogen oxidation
Nitrite respiration
Nitrate respiration
Nitrogen respiration
Cellulolysis
Animal parasites or symbionts
Ureolysis

Location along allelofertility island gradient
Z1
Z2
Z3
Z4
38.29
38.75
38.12
37.56
37.75
38.09
37.27
36.35
2.78
6.15
8.26
7.69
1.48
1.09
0.97
3.85
1.30
2.01
1.89
2.09
0.76
1.08
1.93
1.70
1.49
1.08
0.60
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
1.46
1.06
0.58
0.02
0.14
0.24
0.96
1.88
0.50
0.52
1.01
0.56
0.50
0.52
1.01
0.56

Z5
36.48
35.63
8.07
4.19
1.58
1.56
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
1.42
0.57
0.57

The 16S rRNA gene data analysis using Faprotax package (Aßhauer et al., 2015) showed
that

the

majority

of

bacterial

community’

members

were

involved

in

chemoheterotrophy and aerobic chemoheterotrophy pathways, showing a consistent
distribution along the allelofertility gradient (36-38%; Table 2.3). Contrary, manganese
oxidation and nitrate reduction showed increasing trends from litter to barren soil (Z0Z5), as well as fermentation metabolisms, cellulolysis and aromatic compound
degradation (Table 2.3), while methylotrophy and nitrogen cycle metabolic pathways
were more in the allelofertility island soils (Z1 and Z2 zones; Table 2.3).
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Archaea. In archaeal communities two phyla have been detected (Euryarchaeota and
Thaumarchaeota), distributed in 3 classes, 3 orders, 6 families and 12 genera.
Differences in archaeal community composition between ecosystem types could be
explained by the combined effects of precipitation gradient and vegetation cover (Angel
et al., 2010). In the selected site, the Nitrososphaeraceae family dominated the soils
(barren and allelofertility island) and the W. mirabilis litter (81% of relative abundance;
Figure 2.6B). Only in the soil strongly reconditioned by the W. mirabilis (Z1 and Z2),
Haloferacaceae, Haloadaptaceae and Halomicrobiaceae classes, along with unclassified
Halobacteriales were enriched (up to 15% of relative abundance; Figure 2.6B).
Generally, species

of

halophylic archaea

(e.g.,

Halobacteriaceae, family

of

Halobacteriales), contains unique ether lipids that cannot be easily degraded, and are
temperature resistant and highly salt-tolerant (Ruppel, 2013). They can exhibit
phosphorus-solubilizing activities that contribute to phosphorus cycling in hypersaline
environments (Yadav, 2015). They can also play an important role in nitrogen cycle
under extreme conditions (e.g., extreme temperatures and pH values, salinity and water
stress (Stres, 2007).
Despite archaeal taxa are relatively rare across many biomes, they represent an
important component of desert soils’ microbiome (Fierer et al., 2012), with
Thaumarchaeota being the principal representatives. All known organisms of this
phylum are chemolithoautotrophic ammonia-oxidizers and may play important roles in
biogeochemical cycling in oligotrophic environments such as deserts (Brochier-Armanet
et al., 2008). These observations were confirmed also by the functional prediction for
archaeal community in our studied sites of the Namib Desert. A total of 22 of 117 OTUs
(19%) were assigned to at least one functional group. The majority of archaeal
community members were involved in the aerobic ammonia oxidation (98-99%), with a
reduction of this activity in the allelofertility island Z1 and Z2 zones (Table 2.4). Notably,
nitrate and nitrogen species respirations, also in limited percentage, were mainly
predicted in the allelofertility island (Z1-Z3) rather than in the barren soil (Z4 and Z5) or
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litter (Z0). Predicted aerobic chemoheterotrophic pathway were decreasing and
randomly distributed along the allelofertility island (Table 2.4).

Table 2.4. Functional predictions of the archaeal communities along the W. mirabilis allelofertility
gradient. Values indicate percentage of metabolic pathway categories (relative abundance) possibly
involved in biogeochemical cycling of carbon and nitrogen in each zone of the gradient (from Z0 to Z5);
n.d., not detected.

Predicted function
Aerobic ammonia oxidation
Nitrification
Nitrate respiration
Nitrate reduction
Nitrogen respiration
Aerobic chemoheterotrophy
Chemoheterotrophy

Z0
98.20
98.20
0.01
0.01
0.01
n.d.
n.d.

Location along allelofertility island gradient
Z1
Z2
Z3
Z4
28.59
20.29
95.16
99.94
28.59
20.29
95.16
99.94
0.77
0.12
0.01
0.001
0.77
0.12
0.01
0.001
0.77
0.12
0.01
0.001
0.01
n.d.
0.001
0.0003
0.01
n.d.
0.001
0.0003

Z5
99.92
99.92
0.0003
0.0003
0.0003
n.d.
n.d.

Fungi. Fungal communities were composed by a total of four phyla (Ascomycota,
Basidiomycota, Chytridiomycota and Zygomycota), along with 19% of unclassified SVs.
Fungal SVs were distributed in 12 classes, 24 orders, 41 families and 75 genera. The
classes Dothideomycetes, Sordariomycetes and Eurotiomycetes (all Ascomycota) are
stress-resistant organisms adapted to desert environments (Sterflinger et al., 2012) and
are equally widespread in the studied ecosystem (Figure 2.6C).
The predicted feeding strategies (trophic categories, Nguyen et al., 2016; Table 2.5)
showed that 62% of the fungal OTUs (49% of reads) were assigned to specific trophic
categories: 27% to pathotroph-saprotroph-symbiotroph, 16% to pathotroph-saprotroph,
3.5% to saprotrophs and 2% to saprotroph-symbiotroph (Table 2.5). Notably the ywo
most important categories were present in litter and allelofertility soils than in the
barren one (Table 2.5). In fact, fungi deliver important ecological services to desert
ecosystem, for instance decomposition of organic matter into small molecules (e.g.,
organic acids) easily recycled in C and N sources (Carlie, 2001). Fungi can also act as
mutualists involved in the solubilization of phosphorous for plant uptake (Ritz, 2005).
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Moreover, fungal hyphae physically bind soil particles all together, creating stable
aggregates that can increase water-holding capacity (Carlie, 2001).

Table 2.5. Functional predictions of the trophic categories of fungi along the W. mirabilis allelofertility
gradient. Values indicate percentage of members (relative abundane) in each zone of the gradient (from
Z0 to Z5).

Predicted
Pathogen Saprotroph Symbiotroph
Pathotroph
Pathotroph Saprotroph
Pathotroph Saprotroph Symbiotroph
Pathotroph Symbiotroph
Saprotroph
Saprotroph Symbiotroph
Symbiotroph
Not detected

Z0
0.02
0.05
28.11
34.71
0.73
0.44
0.01
0.01
35.92

Location along allelofertility island gradient
Z1
Z2
Z3
Z4
0.0003
0.0002
Nd
0.00
0.13
0.22
0.63
1.62
14.78
18.75
18.27
6.85
37.90
23.45
22.86
17.47
6.95
0.39
0.76
2.25
2.79
3.19
3.68
4.26
0.003
0.0001
0.0001
0.0002
0.01
0.003
0.004
0.06
37.44
53.99
53.80
67.49

Z5
nd
1.71
4.04
19.39
1.23
7.20
0.01
0.02
66.41

2.2.4. Effects of soils from ‘allelofertility island’ on germination and development of
phytometer. Barley was used as model phytometer to measure the physiological
response of seeds and plants to the soil from the allelofertility island and to the barren
soil and W. mirabilis litter. The germination process was strongly delayed by the
allelofertility island soil: at 5 days, when the germination rate on litter and barren soil
reached 75% and 60%, respectively, less than 10% of the seeds was germinated in the
allelofertility island soil (Figure 2.7). At the end of the 10 days, the percentage of seed
germination in allelofertility soil was comparable with the one on the other substrates
(Figure 7A). The delay in the germination process due to allelopathic effect of soil
reconditioned by W. mirabilis can reduce the probability of surrounding plants to
establish under field circumstances. In fact, prolonged exposure of seeds to natural
enemies, such as soil fungi and vertebrates and invertebrates’ predators, may increase
the chances of mortality (Pereira et al., 2013b).
To assess which soil components was responsible for the allelophaty observed (i.e.,
delay in the germination of allochthonous seeds), soils were tindalized to inactivate the
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biotic part including microorganisms and thermal-sensitive biomolecules (Mahmood,
2014). After the tyndallization, seeds planted in the soil from the allelofertility island
showed a normal germination rate, similar to the one of barren soil (97±4%), indicating
that the allelopathic molecules/microorganisms were not anymore active. Moreover, in
this case, the biomass of plants grown in barren soil was lower than the ones in
allelofertility island’ soil, presumably due to the low nutrient content of the barren soil
that is insufficient to sustain a regular growth of plant (Figure 2.8A). In fact, when the
allelopathic effect was reduced/suppressed, the fertilization effect of the litter mixed
with the soil around W. mirabilis allowed a better plant development.

Figure 2.7. Effect of W. mirabilis soil on seed germination and development. (A) Germination rate of
barley seeds (n. of germinated seeds per day) planted in different soils. (B and C) Representative picture
of germinated seeds at 4 and 7 days, respectively. From the left to the right; Agricultural soil, litter mix
soil, allelofertility soil, barren soil.

Similar results were obtained using water-washed soils, in which water-soluble
components and microbial cells were removed. Plants grown in the water-washed
allelofertily island soil showed germination rate and plant development similar to those
in barren soil, indicating that water-soluble molecules and/or microorganisms
responsible of the allelopathic effect measured in stock soils were no longer present or
were significantly reduced in the soil below a toxicity threshold (Figure 2.8B).
66

Shaaban D.H.

67

Master Thesis

Figure 2.8. Plant biomass under normal and drought conditions. (A) Plant biomass expressed as average
± standard deviation of 30 plants. (B and C) Picture of plant growth for 21 days in pot with different soils
under (B) normal and (C) drought stress conditions. Pots follow the order of soil treatments reported in
panel A (Agriculture, litter, allelofertility and barren soils). (D and E) Shoot and root of plants after 21 days
of incubation in different soil. Order of treatments: agriculture, litter, allelofertility and barren soils.

Assays of 21 days duration were performed to assess the allelofertility effect of soils
under drought conditions compared with normal irrigation. Plants recovered from the
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allelofertility soil had a significantly lower biomass compared to those growing in the
other substrates (Figure 2.8A and B). In particular, plants showed a smaller and less
developed root system (Figure 2.8D), confirming that the delay in seed germination
significantly affect the further development of plants. On the contrary, under controlled
water stress condition (i.e., interruption of irrigation), plants grown in barren soil were
severely affected after 5 days without watering, whereas the plants in litter and
allelofertility soils showed turgid tissues and better development (Figure 2.8A, C and E).
Compared to barren soil, litter and allelofertility soils significantly enhanced the plant
biomass, respectively showing overall biomass accumulations of about 3-fold higher
than in the barren soil and similar to the one of a commercial rich agriculture soil (Figure
2.8A). These results support the capacity of the litter-artificial soil mix and the
allelofertility island soil to retain more water (improved WHC, Table 2.1) and
consequently to have more water available for plant growth (WHC - WP). The capacity
to provide an ongoing supply of water during periods of replenishment guarantees
growth and survival for longer periods of drought (Hudson, 1994).
Through the overall measurements of barley growth and development in W. mirabilis
reconditioned soil, we confirmed the allelofertility mechanisms of W. mirabilis that I
have hypothesized in the ‘Wash site’ (Figure 2.1C). In fact, soil reconditioned by W.
mirabilis demonstrated a combination of (i) antagonism activity against plant
competitors (e.g., new germinating seeds) but at the same time (ii) stimulation of plant
growth especially under water stress, both of them possibly with the contribution of the
soil microbiome. Such ecological and functional combination may contribute to explain
the evolutionary success of the ‘living fossil’ W. mirabilis in the extreme conditions of
the Namib Desert.

2.3. Conclusion

Here, I demonstrated that W. mirabilis apply a consistent radially-distributed selective
pressure, that I defined as an “allelofertility-island effect”, under contrasting physico68
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chemical conditions such as those of the gravel plain of the Namib Desert. Through soil
self-reconditioning, mediated by the plant litter and possibly the root exudates, W.
mirabilis modifies soil chemistry (i.e., organic carbon and WHC; March, 1990; Abrams,
1997) and increases habitat heterogeneity favoring fertility and allelophaty process.
Such soil self-reconditioning process activated by W. mirabilis affected the diversity,
interactions and function of the edaphic microbial communities (bacteria, archaea and
fungi). The selective pressure of the allelofertility island consistently determined the
recruitment and assembly of different microbial communities across the allelofertility
gradient, that can boost and modulate ecological services of pivotal importance for W.
mirabilis survival. The overall results elucidate the dynamic and interactions among
plant, soil and microbes in the development of adaptive strategies involved in the
enhancement of desert plant establishment and resistance to stresses.

2.4. Material and Methods

2.4.1. Site description and sampling. The study site ‘Welwitschia Wash’ was located in
the gravel plains of the Namib Desert, approximately 14 km east of Gobabeb
(23°36’44.01”S 15°10’09.01”E; Figure 1A). The area includes a 3-20 m wide ravine with a
sandy channel, bordered by stony ledges where the predominant plant species was W.
mirabilis (Herre, 1961; Jacobson et al., 1993; Figure 1B). Temperature (°C) and relative
humidity (RH%) of air, barren soil and soil under plant were measured along one year
(from April 2018 to May 2019) using HOBO sensors.
In April 2018, five different male individuals of W. mirabilis growing in the wash were
randomly selected. Plant had a diameter ranging from 95 to 190 cm (Supplementary
Table 1). Each plant was surrounded by a darker-soil zone (hereafter, ‘Allelofertile
island’) created by the accumulation/incorporation of the shed reproductive parts of the
plants (i.e., male cone) in the soil (Abrams et al 1997, Figure 1C). A concentric-radial
sampling design was adopted to collect soil samples along the allelofertility island
gradient (from dark to white soil, Figure 1C and schematic representation in
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Supplementary Figure 2). Soil was sampled at five distances away from the W. mirabilis
stock (Supplementary Figure 2 and Supplementary Table 1), passing from the dark-soil
close to the plant (zone Z1, starting point of allelofertile island), to the brownish ones in
the middle and border of allelofertile island (zones Z2 and Z3, respectively), and to the
whitish barren soils (zones Z4 and Z5, plant-interspace soil). From each radial-zone, four
replicates were collected for each plant, for a total of 100 samples of soils (60 fertility
island, 40 barren). Samples from the central wooden body of the plant composed by
litter (dry shedding male cone; Supplementary Figure 1) were also collected (Z0, n=20).
Samples were stored at 4°C for soil chemistry and microcosm experiments and at -20°C
for molecular analyses. All the samples were collected under the research/collecting
permit number ES32861, which was delivered by the Namibian Ministry of Environment
and Tourism.

2.4.2. Water holding capacity and wilting point measurements. Collected soils were
saturated with water and incubated for 24 h under a pressure of 1/3 of bar. The soils
were weighed and dried at 105°C for 24 h. The water hold by soils (WHC, water holding
capacity) was calculated and expressed as percentage. To calculate wilting point (WP),
soils were saturated with water, incubated for 48 h under a pressure of 15 bars and
finally dried at 105°C for 24 h. Difference of weight between the dried soil and the wet
soil express the WP of soil.

2.4.3. Total DNA extraction from soil. Total DNA was extracted from a 0.5 ± 0.1 g subsample of soils using the PowerSoil® DNA Isolation Kit (MoBio Inc., USA) following the
manufacturer’s instructions. In the case of the litter (i.e., mix of dry flower and sand)
collected form the center of the plant, samples were grinded in liquid nitrogen with
sterile mortar and pestle before extracting the DNA. 5 l of the extracted DNAs were
visualized by electrophoresis in 0.8% agarose gels add with SYBR Safe at the Molecular
Imager Gel DocTM XR+ Imaging System (Biorad). DNA was quantified using Qubit 3.0
fluorometer dsDNA BR Assay Kit (Thermo Fisher Scientific Waltham,MA, USA), following
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the manufacturer’s instructions. Extracted DNA was stored at -20°C until further
processing.

2.4.4. Metaphylogenomic analysis of edaphic microbial (bacteria, archaea and fung)
communities. To identify bacterial and archaeal communities’ composition the V3-V4
hypervariable region of the 16S rRNA gene was targeted using the primer’ pairs 341F785R and A2F-534R respectively (Baker et al. 2003; Mapelli et al. 2018). To identify
fungal community composition the region 2 of the internal transcribed spacer region
(ITS2) was amplified using the primer pair ITS3F-ITS4F (Tedersoo et al. 2015). The
reaction mixtures contained buffer 1 X, 1.5 mM MgCl2, 0.3 mM of dNTPs, 0.3 mM of
each primer, 1 U HiFi Platinum Taq (Invitrogen), and 3-5 µl of DNA. If necessary, DNA
was properly diluted. Cycling conditions used to amplify the bacterial and archaeal 16S
rRNA and fungal ITS2 gene fragments were reported in Table 2.6.
Table 2.6. PCR primers and protocol for thermal cycling.
Target kingdom

Primer

Bacterial 16S rRNA
Mapelli et al., 2018

I785R
I341F

Archaeal 16S rRNA
Baker et al., 2003

I534R
I-A2F

Fungal ITS2
Tedersoo et al., 2015

ITS4RI
ITS3FI

Thermal cycling
94°C for 1 min
94 °C for 30 sec, 55°C for 30 sec, 68°C for 30 sec (X 25)
68°C for 5 mins
95°C for 10 min
95 °C for 30 sec, 60°C for 15 sec, 68°C for 50 sec (X 25)
68°C for 5 mins
96°C for 5min
95°C for 1 min, 64°C for 1 min, 72°C for 45sec (X 30)
72°C for 5 mins

The 16S rRNA and ITS2 metagenomic sequencing libraries were constructed using the 96
Nextera XT Index Kit (Illumina) following the manufacturer’s instructions. Libraries
sequencing was done using the Illumina MiSeq platform with pair-end sequencing at the
Bioscience Core Lab, King Abdullah University of Science and Technology. Using fastqjoin algorithm (https://expressionanalysis.github.io/ea-utils/). Raw reads of forward and
reverse were assembled for each sample into paired-end reads with a minimum overlap
of 50 nucleotides and maximum of one mismatch within the region. The obtained pair71
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end reads were analyzed using a combination of the UPARSE v8 (Edgar et al. 2013) and
the QIIME v1.8 (Caporaso et al. 2010) software to form the Operational Taxonomic Units
(OTUs) of 97% sequence similarity. Taxonomy was assigned to the representative
sequences of the OTUs searching against the latest version of the Greengenes (DeSantis
et al. 2006) and SILVA 132 databases for bacteria and archaea and the UNITE database
for fungi (DeSantis et al., 2006; Koljalg et al., 2014). Only samples presenting a suitable
sequencing depth (rarefaction curve in Supplementary Figure 2.3) and good’s coverage
values >98% were used for the further analyses.

2.4.5. Beta- and alpha-diversity of microbial communities. Shared and exclusive OTUs
(and their relative distribution) across among the different zones were calculated as
described in Marasco et al 2018, using Venn-diagram and ternary plots using R package
(ggplot and ggtern).
Compositional (Bray-Curtis of the log-transformed OTUs table) similarity matrices were
calculated and Principal Coordinates Analysis (PCoA) were performed in PRIMER v. 6.1
(Ramette, 2007; Clarke and Gorley, 2015). Permutational multivariate analyses of
variance (PERMANOVA, main and multiple comparison tests) were also performed on
the compositional distance matrices using the same software (Anderson, 2008). The
considered explanatory variables were ‘Plant replicate’ (5 levels: from A to E) and
‘Allelofertility island gradient’ (6 levels: from Z0 to Z5). Alpha diversity indices (richness
and evenness) were calculated using the PAST software.

2.4.6. In vivo experiment to evaluate the effect of Welwitschia-allelofertility island
soils on seed germination and plant development under watered and controlleddrought conditions. Seed germination rate (n. germinated seed/day) and plant
development (biomass) of barley were used as phyto-indicators to evaluate the effect of
W. mirabilis soil-reconditioning (i.e., allelofertility island). The soil used were: i) the
white barren soil not influenced by W. mirabilis plant, ii) the dark-soil close to W.
mirabilis stock (affected by both litter and root exudates; Henschel et al. 2019; Valverde,
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2016), and iii) the artificial ‘dark’ soil created in laboratory mixing in equal part the
barren sand (treatment i) and the litter collected from the center of the plant
(treatment ii) to eliminate the contribute of plant exudates (Supplementary Figure
2.4A). A positive control composed by one part of agricultural soil and one parts of sand
was also added. Plastic pots (10 cm diameter) were filled with the soils of the four
different treatments; three pots for each treatment were prepared. The pots were
watered with 50 ml of milliq water and 10 barley seeds added for each one. The pots
were incubated in a growth chamber at day and night temperatures of 25±1°C, with
approximately 100 μmol photons m−2s−1 of light supplied for 12 h during the daytime
and 50% of relative humidity and were properly irrigated for all the duration of the
experiment (21 days; Supplementary Figure 2.4A). Contemporary, a drought stress
experiment was conducted; in this case, after 3 days of watering, irrigation was
alternated by two drought periods of 5 days. (Supplementary Figure 2.4B)
Seed germination and plant development tests (10 days incubation) were also
performed with sterilized soils (Z1 vs Z5). Soils were sterilized using the tyndallization
process (Bashan et al., 2014) to evaluate if the observed effects were mediated by living
microorganisms or thermos-sensible bio-molecules present in the soil. Soil extracts were
also tested; 200 g of each soil were mixed with 400 ml of distilled sterile water and
shacked for 36 h (100 rpm). The solutions obtained were filtered to remove soil particles
and used to water seeds (1:2 vol:vol) in sterile agriculture perlite. All the treatment was
incubated following the condition previously reported.
For all the assay the germination of seeds was evaluated every day (i.e., number of
shoots coming out from the soil) and at the end of incubation time plants were
harvested for biomass measurements (i.e., fresh and dry weight). Statistical analysis
(one-way ANOVA) was used to compare treatments using the Kruskal-Wallis and Dunn’s
multiple comparison tests in Graph-pad software.
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Supplementary Material

Supplementary Figure 2.1. Litter produced by W. mirabilis male plants. (A) W. mirabilis
growing in the Wash site and relative allelofertility island created by the litter (i.e., male
cone). (B) Detail of dry male cone fall down and accumulate as litter in the center of the
W. mirabilis stock (C) W. mirabilis male cones in flower.

Supplementary Figure 2.2. W. mirabilis allelofertility island. Sampling design adopted
to characterize the microbial community associated with different zone of W. mirabilis
allelofertility island. Samples are collected at increasing distance from the plant in the
allofertility island (Z1, Z2 and Z3; white labels in the scheme) and 3-5 mt away from the
plant (Z4 and Z5; red labels in the scheme) in an unvegetated area between W. mirabilis
plants. Samples of litter (Z0; blue label in the scheme) are also collected from the center
of each plant.
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Supplementary Figure 2.3. Rarefaction curves for bacterial, archaeal and fungal OTUs,
clustering at 97% sequence similarity. Curves represent sequences for multiple samples
of litter (Z0; black line), allelofertility island (Z1, Z2 and Z3; brown-shade lines) and
unvegetated barren soil (Z4 and Z5; grey-shade lines).

86

Shaaban D.H.

87

Master Thesis

Supplemenatry Figure 2.4 In vivo experiment to evaluate the effect of W. mirabilisallelofertility island soils on seed germination under watered and controlled-drought
conditions. Three types of soil were used: litter mix soil (black color); allelofertility soil
(brown color); barren soil (gray color). Plastic pots (10 cm diameter) were filled with the
soils of the four different treatments; three pots for each treatment were prepared, and
10 barley seeds added for each one. (A) Under normal irrigation conditions, pots were
watered with 50 ml of milliq water, pots were properly irrigated for all the duration of
the experiment. (B) Under controlled-drought conditions, after 3 days of watering,
irrigation was alternated by two drought periods of 5 days .
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Supplementary Table 2.1. List of all soil samples collected from the five W. mirabilis
plants Plant diameter, sample code, location along the fertility island gradient and
distance from the center of the plant are reported for each set of samples. Size of
allelofertility island is indicated by the distance of border samples for each sampled
plant. Diameter and distance are expressed in cm. W, W. mirabilis; AFI, allelofertility
island. (*) Distance value measured from the center of the plant.

Plant
A

W diameter
190 cm

B

140 cm

C

130 cm

D

120 cm

E

95 cm

Sample code
A01- A04
A05- A08
A09- A12
A13- A16
A17- A20
A21- A24
B01- B04
B05- B08
B09- B12
B13- B16
B17- B20
B21- B24
C01- C04
C05- C08
C09- C12
C13- C16
C17- C20
C21- C24
D01- D04
D05- D08
D09- D12
D13- D16
D17- D20
D21- D24
E01- E04
E05- E08
E09- E12
E13- E16
E17- E20
E21- E24

AFI gradient
AFI Start
AFI Middle
AFI Border
Bulk 1
Bulk 2
Litter
AFI Start
AFI Middle
AFI Border
Bulk 1
Bulk 2
Litter
AFI Start
AFI Middle
AFI Border
Bulk 1
Bulk 2
Litter
AFI Start
AFI Middle
AFI Border
Bulk 1
Bulk 2
Litter
AFI Start
AFI Middle
AFI Border
Bulk 1
Bulk 2
Litter

Distance*
95
175
255
445
595
0
70
120
200
370
570
0
65
135
205
365
565
0
60
110
240
360
560
0
47.5
87.5
147.5
347.5
547.5
0

AFI Zone
Z1
Z2
Z3
Z4
Z5
Z0
Z1
Z2
Z3
Z4
Z5
Z0
Z1
Z2
Z3
Z4
Z5
Z0
Z1
Z2
Z3
Z4
Z5
Z0
Z1
Z2
Z3
Z4
Z5
Z0
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Supplementary Table 2.2. Cross validation of microbial community associated with the
samples collected at increasing distance from the plant along the allelofertility island
(from Z0 to Z5).
A) Bacterial communities (correct, 94.9%)
Group

Z0

Z1

Z2

Z3

Z4

Z5

Total

%correct

Z0
Z1
Z2
Z3
Z4
Z5

0
0
20
0
0
0

0
0
0
19
1
0

0
0
0
1
17
2

0
0
0
0
2
18

18
0
0
0
0
0

0
20
0
0
0
0

18
20
20
20
20
20

100
100
100
95
85
90

Z4
0
0
0
2
13
7

Z5
0
0
0
1
6
13

Total
17
20
20
19
20
20

Z4
0
0
0
2
16
2

Z5
0
0
0
0
3
16

Total
20
20
20
20
20
20

B) Archaeal communities (correct, 77.6%)
Group
Z0
Z1
Z2
Z3
Z4
Z5

Z0
16
2
0
0
0
0

Z1
1
17
1
0
0
0

Z2
0
1
18
3
0
0

Z3
0
0
1
13
1
0

%correct
94.1
85
90
68.4
65
65

C) Fungal communities (correct, 82.5%)
Group
Z0
Z1
Z2
Z3
Z4
Z5

Z0
20
0
0
0
0
0

Z1
0
14
0
0
0
0

Z2
0
4
17
2
0
0

Z3
0
2
3
16
1
2

%correct
100
70
85
80
80
80
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