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I. Phosphorus’s natural cycle. Why phosphorus?

It is also interesting to note that P has no stable atmospheric gas phase, so unlike other essential
nutrients for life, such as oxygen or nitrogen, ecosystems depends entirely on its transport through
an aqueous phase (both superficial and subterranean), making it costlier to spread over the Earth's
surface (Falkowski, 2001; Filippelli, 2008).
Phosphorus is mainly deposited in big sediments of phosphate rock (PR), which is not directly
assimilable by most organisms. PR is a sedimentary rock that contains high amounts of phosphate
minerals, mostly precipitated as insoluble salt compounds (apatites) combined with chemical
elements like calcium, fluor or chlorine (Ca10(PO4)6 (OH,F,Cl)2). Actually, it is estimated that only 0.1%
of the total P is in soluble forms, being available for plant uptake (Ruttenberg, 2003; Sharma et al.,
2013). These large PR deposits are mainly located in the Rocky Mountains (North America), in the
Andes Mountains and the Brazilian Highlands (South America), in some parts of Africa (such as
Morocco and Algeria), in India and Russia. China also has their own reserves in some points of the
country (Figure 1) (Yang et al., 2012; Zangarini et al., 2020; Zhu et al., 2018).
Apatites can be slowly dissolved in the natural environment thanks to a combination of
prolonged exposure to climatic processes and the microbiological activity of soil. They can be also
transported as particles, or dissolved into superficial or subterranean water flows, until they reach
the sea. While transported, they can be deposited, reacting with some metals such as iron [Fe2(PO4)3],
calcium [Ca(PO4)2] or aluminium [Al2(PO4)3], to generate non-soluble salts. This phosphorusmineralization process is one of the main problems for the agricultural industry, since it also occurs
during fertilizer addition into crop soils, preventing that added phosphorus can be easily assimilated
by plants (Filippelli, 2008; Li & Marschner, 2019; Ruttenberg, 2003; Zhu et al., 2018).
So, why nature has chosen phosphorus at the heart of all biological systems on Earth? There are
several reasons for that. P is very stable at intracellular pH, but it is fast hydrolysed by some enzymes.
Despite its low mobility under environmental conditions, it is readily available within organisms.
Besides, in intracellular conditions, P is found as phosphate, which has a friendly dissolution and
precipitation behaviour, allowing it to be quickly stored or used for the cells. Finally, P is the essential
element in bones and teeth’s vertebrates, contributing to the hydroxylapatite/organic scaffold giving
them strength, some flexibility (preventing their easy breakdown), and an open structure to allow
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Introduction

It is said that nature is capricious, and in the case of phosphorus (P), it seems to be true.
Phosphorus is an essential element for life, since it is involved in numerous biological processes. It
plays an important role in most of the metabolic pathways and biochemical reactions taking place in
all biological systems: the synthesis of genetic material (DNA and RNA). P is present at the "molecular
currency" of intracellular energy transfer (ATP), and also in the structural elements for cells
(membrane phospholipids), as well in vertebrate’s bones and teeth (hydroxyapatite) (Ruttenberg,
2003). However, despite its relevance, P constitutes a low percent of Earth crust [just 0.09% (w/v)],
compared to oxygen (46.6%) or silica (27.7%) (Lutgens & Tarbuck, 2014).

the exchange of nutrients. Thus, despite its low natural abundance, the chemical behaviour of P
makes it the most likely candidate to build with biological systems, contrary to what it might seem
at first (Filippelli, 2008; Ruttenberg, 2003).

Figure 1. The distribution of phosphorus concentration in soil parent material (unit: ppm) (Yang et al., 2012).

II. Phosphorus: the big problem
The exponential growth of human population (at present, around 83 million people annually),
demands a concurrent production and supply of food. So far, a highly productive agricultural system
has mainly been accomplished by intensifying the use of chemical fertilizers. Agricultural
productivity worldwide is mainly limited by nitrogen (N) and phosphorus (P), being them the main
elements in the chemical fertilizers along with potassium (K). Nevertheless, P resources are finite, in
contrast to nitrogen (N) and potassium (K), which can be considered as infinite (Steiner et al., 2015).
So, P is a non-negotiable requirement for life. It is abundant in the soil as mineral salts, or
incorporated into organic compounds (values ranging between 400 and 1,200 mg/kg of soil). Thus,
the scientific world has its eye on P yield in crops. The reason is twofold: first, as soon as P hits the
soil, a big portion of it reacts with other elements, forming insoluble compounds that are unavailable
for plant uptake. Thus, for centuries, P has been added in extra amounts to the fields to boost harvest,
consuming more resources than necessary. Second, there is no P to waste, since it is a
non-renewable resource (Glick, 2012).
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According to the World Bank Group database, 1.5 thousand billion hectares of land worldwide
were dedicated to intensive crops in 2016, and, in average, 140 kg of fertilizer were used for each of
them. This is mainly due to the low P yield after fertilizers addition to soils. In general, it is estimated
that only between 10 to 15% of artificially added P is actually consumed by crops, while the rest is
precipitated and accumulated forming compounds that cannot be assimilated by plants, constituting
what we know as "legacy phosphorus”. For this reason, the amounts of P added to soil are much
higher than crops actually require, making the process economically more expensive and ecologically
much more damaging. It is estimated that the P accumulated in agricultural soils could supply crops
for about 100 years at the current rate of production if it were available to plants. Thus, this process
is unsustainable in the long term. Furthermore, this accumulation of P generally ends in water
contamination (rivers, aquifers or even seas), in a process known as water eutrophication, and in the
acidification of agricultural soils (Carstensen et al., 2018; Khan et al., 2007; Lu & Tian, 2017; Zhu et
al., 2018).

III. Phosphorus in plants
P is an essential macronutrient for plants. Not only due to its structural role, but also by playing
a key role in numerous plant processes such as photosynthesis, the intracellular transference of
energy, the transport of nutrients inside the plant, or the transformation of sugars. As reported
above, despite the high phosphorus concentration in soils, most of this element is present in
unavailable forms, which makes it the second most limiting plant nutrient after nitrogen (Sharma et
al., 2013; Thuynsma et al., 2016).
P deficiency alters the photosynthesis process mainly at the photosystem I (PSI) level. This is due
to the fact that the concentration of orthophosphate inside the chloroplast stroma is reduced,
inhibiting ATP synthase activity. Consequently, electrons are accumulated in the thylakoids, causing
acidification of the lumen, which stops the electron transport chain. Thus, in P-deficient conditions,
NADH levels increase, while ATP synthesis remains inhibited, which reduces the CO2 fixation in the
plant (Carstensen et al., 2018).
Apart from stunted growth and reduced crop yields, P deficiency symptoms in plants first appear
in the older leaves. The first symptom is the appearance of a purple or reddish colour at the stem
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Introduction

In 2018, the P market (phosphate rock, DAP, fertilizers…) moved around 650 million dollars, being
India and Germany the largest importers, and Vietnam and Kazakhstan the bigger exporters (OEC:
Observatory of Economic Complexity; https://oec.world/en/profile/hs92/phosphorus). More than
46,500 tons of P (P2O5) were used in the fertilizer production that year, and its consumption
increased by around 2% annually. Besides, it is a finite resource, whose world reserves are estimated
around 61 million tons (FAO, 2020). So, knowing all this, some experts have estimated that the
world’s phosphorus reserves could be depleted over the next two centuries (more alarmist ones
claim that even in the next 50 years) (Fang et al., 2020).

and leaves, due to the accumulation of anthocyanins (Figure 2). If phosphorus deficiency persists for
the whole growth cycle, it could be observed severe stunting, thin stems, poor leaf development
and reduced seed production. Phosphorus lack also affects to root development, showing a spindly
and reddish appearance (Fageria, 2008).
Giving the key role of P in plant nutrition, deficiency problems result into big problems for
industrial crop production. However, nature has endowed plants with different systems to cope with
this problem. First, the morphological development of the roots, maximizing the surface/volume
ratio through the production of numerous absorbent hairs, formed from the trichoblasts of the
rhizodermis, which can constitute up to 70% of the total surface of the root. This is conducive to
improve the contact with larger surfaces of soil and, therefore, to solubilise P in higher amounts.
Second, the symbiosis that take place between rhizosphere microorganisms and some plants is also
interesting, since, in many cases, these microorganisms are able to solubilize the precipitated P to
assimilable forms for them. Finally, there are numerous plants with a root system adapted to P
deficiency, developing phosphorus solubilization mechanisms through the exudation of certain
organic acids (oxalic, malic, citric ...), or humic acids (a complex mixture of many different organic
acids) to the soil, the synthesis of chelating ions of certain metals that react with P, or the secretion
of enzymes (phytases and phosphatases) to allow its solubilization. (Bucher et al., 2001; Carstensen
et al., 2018; Schachtman et al., 1998; Zhu et al., 2018).

Figure 2. Phosphorus deficiency symptoms in five months barley plants from a greenhouse pot assay. Stems turned purple
from the bottom to the top, showing more purple colour on the older leaves and stems from the bottom of the plant.
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IV. Phosphorus’s industrial cycle
P used to produce both fertilizers and additives for animal feed is mainly obtained from the
mining of phosphate rock reserves (in fact, more than 85 percent of mined PR is used to produce
fertilizer).
However, 90% of the countries of the world do not have any P mineral reserves in sufficient
quantity and quality to be processed, and they depend on its import (Ohtake & Tsuneda, 2019). This,
added to the fact that numerous studies estimate that P reserves will be depleted in the next two
centuries, has resulted in an increase of the P export taxes in countries like China (i.e. in 2008
imposed an export tariff of 135% higher than the previous year), in order to ensure their autonomy
and subsistence in the future (IFADATA, http://ifadata.fertilizer.org/ucSearch.aspx, International
Fertilizer Industry Association). This fact causes prices to be higher and higher for fertilizers and feed
supplements.
Therefore, given the phosphate rock depletion, numerous ways of P saving and recycling from
very diverse sources have been under study in recent years, such as: i) phosphorus recovery from
sewage sludge (Fang et al., 2020; Ye et al., 2017), ii) its extraction from farm animal bones like
chickens and pigs (Du et al., 2020), or iii) its recovery from human urine and faeces (Mihelcic et al.,
2011).
The science writer, Isaac Asimov, suggested, “Life can multiply until all the phosphorus has gone,
and then there is an inexorable halt which nothing can prevent” (Barreiro & Martínez-Castro, 2019).
So, if P is irreplaceable, how will we deal with the end of global reserves? It is impossible. For this
reason, it is essential to understand the industrial cycle of P (Figure 3), how it is obtained and how is
used. In this way, it can be analysed how to improve the performance of the process before reaching
that point. Thus, the main points in the cycle are set out below: phosphorus mining, fertilizer
production and its application; followed by some alternatives exposed in this dissertation: biomining
and biofertilization.
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Plants mainly take P from soil by diffusion (as HPO42- and H2PO4 - forms) towards the root cells.
This is a relatively slow process and highly dependent on the extracellular concentration of available
P and the rhizosphere microorganisms present in the soil. After that, P transport through plant
membranes is mediated by a number of families of transporter proteins. This fact implies that large
electrochemical gradients must be generated, due to the negative charge of both the phosphate and
the interior of the plasmalemma (the cytoplasmic membrane). Once inside the plant, P travels
through the vascular tissues without the need to cross any other membrane (Brito et al., 2020; Mącik
et al., 2020; Smith, 2002; Zhu et al., 2018).

P extraction from
phosphate rock

P INDUSTRIAL CYCLE

Fertilizer application in
crops

Fertilizer production

P precipitation
Water eutrophication

Figure 3. Diagram of the industrial P cycle, starting with the P extraction by mining for fertilizer production and their
application into crops. P precipitates in the soil after reacts with minerals as Al, Ca or Fe, building up and contaminating soils
and waters in the process known as eutrophication.

IV.I. Phosphorus mining from phosphate rock
P is mainly obtained from three sources: sedimentary deposits sources (75%), igneous sources
(15-20%), and animal sources such as bird and bat guano (2-3%). Thus, P is mostly mined from rock
deposits, and this mining process can be classified in two types based on the depth and deposit
geometry: the surface (strip) mining method (for deposit up to 100 m of depth), and the
underground mining method (for deposits at a depth greater than 100 m) (Reta et al., 2018).
By way of introduction, the cycle starts in the phosphate rock mines, where the rock is extracted
and processed to obtain intermediary products, such as phosphoric acid and white phosphorus (P4),
which are the base of the P chemical industry. Then, white phosphorus is used to obtain phosphate,
which is mainly used in the food and industrial sectors; while phosphoric acid is used in the so-called
wet route to obtain the different products used in intensive agriculture as fertilizers (Ohtake &
Tsuneda, 2019).
Nowadays, the process begins with a dragline bucket, a large bucket suspended from a boom,
which is big enough to hold a truck. This bucket scoops up the initial 4.5 to 9 m of earth, called
“overburden,” and dumps it in piles on the side of the mine pit. The dragline bucket then digs out
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the ore-bearing layer, called matrix. This layer is made up of phosphate rock, clay and sand. The rock
is then mixed with water using high-pressure water guns to create a slurry. It is then pumped to the
beneficiary plant, where the phosphate rock is separated from the sand and clay, in a process called
beneficiation, whose objective is the removing of the unnecessary minerals to increase the grade of
mining product (concentrate). Phosphate ores can be beneficiated using one or a combination of
different methods. The most common ones are: flotation, crushing, des-liming, separation, grinding
and washing (Reta et al., 2018).

IV.I.I. Biomining, bioleaching and sulphur-oxidizing bacteria (SOB)
Biomining is a technology that uses biological systems to facilitate the extraction and recovery
of metals, and other substances, with industrial interest from a low-grade source. Occasionally the
term is used as synonymous of bioleaching, although strictly the latter one refers to situations where
the target metal(s) is/are solubilized during bio-processing. In some other cases, for example, gold
biomining and some other precious metals, microorganisms are used to remove minerals that
occlude target metals, that are solubilized in a second process (Jerez, 2017b; Johnson, 2014).
Biomining is generally perceived as an eco-friendly process, since the microorganisms involved
in mineral oxidation processes are usually autotrophs and fix carbon dioxide, which contrasts with
traditional mining and smelting operations that emit large amounts of CO2. The most interesting
skill of these microorganisms is their capability to oxidize intermediate sulphur compounds to
sulphate and protons (sulphuric acid), creating an acidic environment which is able to dissolve metal
sulphides. The most relevant is the oxidation of elemental sulphur to sulphuric acid, since elemental
sulphur can only be biologically oxidized under bioleaching conditions (Jerez, 2017b; Johnson, 2014;
Schippers et al., 2013).
The naturally occurring ores of copper, zinc, and nickel exist largely in the form of metal sulphides,
and they all are currently processed by biomining all around the world (Johnson, 2014; Schippers et
al., 2013). Thus, biomining and bioleaching processes have been deeply studied for substances like
gold (Liu et al., 2017; Wang et al., 2015), arsenic (Deng et al., 2017), chromium (Zeng et al., 2016),
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Nevertheless, in none of these concentration steps recovery performance reaches 100%, and
some percentage of the phosphate rock is lost as wastes called schlams. Most of the times, these
schlams could have more than 20% (w/w) of P. However, P extraction from the schlams for mining
techniques is hard and no cost-effective, so they are simply piled up in large dumps, being all their P
content wasted (de Boer et al., 2019; Haneklaus et al., 2017). However, “losses” concept is not a
static concept; what is considered a loss today, may differ from what would be considered a loss in
the future. For example, in the copper industry, when the average ore-grade was around 2.5% Cu,
more than 100 years ago, nobody would have predicted the mining of ore grades at 0.4% Cu or even
below (Steiner et al., 2015). Thus, our concept is born from this precept: P recovery from phosphate
rock wastes (schlams).

copper, iron, nickel (Chen et al., 2020; Wang et al., 2020), and the treatment of wastes containing
heavy metals (Chang et al., 2019; Wei et al., 2018). It has been also applied for elements such as
manganese (Han et al., 2013), or lithium from discarded lithium-ion batteries (Horeh et al., 2016;
Wu et al., 2019), although in these cases the leaching ratio is fairly high, and they are expensive and
heavily-polluting processes.
Nowadays, biomining is applied using three different engineered methods: dump bioleaching,
heap bioleaching and stirred tank bioleaching. The first to be commercially applied was the dump
bioleaching for copper extraction 50 years ago. Interestingly, the same biological process had been,
unknowingly, used to extract metals for several hundred years at mine sites from, for example, Spain,
UK and China. Basically, dumps contain millions of tonnes of run-of-mine ore, and they are often
more than 60 m deep. Acidified water is applied to the top surface of the dump using sprinklers or
drippers. As the solution percolates through the dump, favourable conditions develop for the growth
of naturally-occurring microorganisms, which catalyse the oxidation of the sulphide minerals. The
ores are dissolved in the leach solution and percolates to the base of the dump, where the mineralcontaining leach solution is collected and directed to a solvent extraction process. Dump bioleaching
is the cheapest process and does not require human intervention for long time. For example, The
Escondida dump bioleach (Chile) is expected to produce 180,000 - 200,000 tonnes of cathode copper
per year over the next 40 years, making Escondida the largest dump bioleach operation in the world
(Brierley, 2008; Johnson, 2014).
Heap bioleaching is widely practiced around the world for the extraction of sulphide ores and to
“pre-treat” gold ores in which the gold is occluded in sulphide minerals. The ore is crushed to
particles about 19 mm or less, and agglomerated in rotating drums with acidified water, to condition
the ore for the microorganisms, and also to affix fine particles to the larger rock particles. The ore is
conveyed to specially engineered pads where it is stacked. The pads are lined with high-density
polyethylene and perforated plastic drain lines are placed on the pad to improve the drainage of
mineral-containing solution from the bottom of the ore heap. Air is forced through the air lines and
directed to the microorganisms in the heap by blowers external to the heap. The ores are dissolved
in the leach solution and percolates to the base of the dump where the mineral-containing leach
solution is collected and directed to a solvent extraction process. It is a faster process, since the
microorganisms which intervene throughout the process are selected and inoculated in the dump.
Besides, their growth conditions are carefully considered since pH, aeration or temperature are
controlled (Brierley, 2008; Johnson, 2014).
Finally, aerated continuous stirred-tank reactor is usually applied to mineral concentrates,
because of the capital and operating costs associated with this technology. Tanks are equipped with
agitators that keep the acidified finely-ground gold concentrate in suspension and ensure that
oxygen and carbon dioxide are efficiently transferred to the microorganisms into the solution. It is
the most expensive process, but also the faster, since the time required for the biooxidation of the
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concentrate is 3 to 5 days, and it can be used for a wide range of metals. For example, the plant at
Kasese Cobalt Company Limited in Uganda recovers cobalt, nickel, copper and zinc (Brierley, 2008).
All these bioleaching and biomining processes, as applied to mineral ores and concentrates,
operate using essentially the same principles and similar consortia of microorganisms. These
microorganisms are the so-called acidophilic sulphur-oxidizing bacteria (SOB), many of which are
considered as extremophiles.

Acidophiles are those microorganisms that can grow at, or below, pH 3 - 4. Various
microorganisms such as Thiobacillus thioparus have capacity to oxidize reduced sulphur to harmless
state, and hence play important role in the biogeochemical cycling of sulphur. They are the so-called
SOB, and they have countless applications, such as bioleaching, bioremediation, biofertilizer,
biofilters, biosensors, and biodeodourizers and rubber recycling (Rana et al., 2020).
The first extreme acidophile microorganism to be isolated and characterized was the SOB
Acidithiobacillus thiooxidans (formerly Thiobacillus thiooxidans) by Waksman and Joffe in 1921. It is
an autotrophic chemolithotroph which uses inorganic electrons donors to fix CO2 as carbon source,
with an optimum pH growth of 2.0 - 4.0 (Johnson, 2009).
The most studied SOB strains for biomining are: Acidithiobacillus ferrooxidans, A. thiooxidans,
Leptospirillum ferrooxidans, Thiobacillus thioparus and Sulfobacillus thermosulfidooxidans. These
strains are widely distributed in acidic sulphur-containing environments in soil and water, where
they participate in the global cycles of sulphur and iron. Based on their metabolic function, they are
classified into two types: chemolithotrophs and photoautotrophs. Chemolithotrophs, such as
Thiobacillus neapolitanus or A. thiooxidans, are the ones that grow on supplement of oxidizable
sulphur compounds. Photoautotrophic are the ones that require light as energy source and includes
Thiobacillus aquaesulis or Thiomicrospira thvasirae among others. Both groups of bacteria use
inorganic compounds (specially compounds containing sulphur and Fe2+) as electron donors to
solubilize metals and other compounds, mainly by producing ions (Fe3+) or acids (sulphuric acid)
(Jerez, 2017b; Rana et al., 2020).

19

Introduction

Extremophiles are living organisms that have the ability to grow under conditions where
normal organisms are not able to survive. These extremophilic organisms are always attracted
towards conditions like extremely high and low temperature, extreme pH, high salinity, low and high
pressure, growth in presence of heavy metals, and other habitats which are harsh for normal survival.
According to the growth conditions, extremophiles are categorized into extremophilic and
extremotolerant organisms. Extremophilic includes organisms which usually grow under an extreme
environmental condition, whereas extremotolerant includes organisms that normally grow under
common conditions, but can also survive on exposure to extreme environmental conditions (Salwan
& Sharma, 2020).

Therefore, we can speculate that the inoculation of dumps made with schlams of phosphate
rock dumps and sulphur with some of these SOB could result into sulphuric acid production, and
the consequent solubilization of P contained in the schlams in an ecofriendly and cost-efficient
process.

IV.I.II. Acidithiobacillus spp. and biomining: what is known and what is not
Elemental sulphur (S0), mainly present in the form of insoluble homocyclic S8, is hydrophobic,
metastable, and almost insoluble in water. Elemental sulphur oxidation activity was first detected in
Acidithiobacillus thiooxidans as early as 1959. Since then, three species of Acidithiobacillus genus
(A. ferrooxidans, A. thiooxidans, and Acidithiobacillus caldus) have been studied and widely applied
not only in bioleaching and biomining industry, but also in solving environmental pollution problems
caused by heavy metals and inorganic sulphur compounds (Wang et al., 2019).
Acidithiobacillus is a strictly aerobic, Gram-negative, γ-proteobacteria, obligately acidophilic and
sulphur-oxidizing chemolithotropic bacteria. It belongs to the class Acidithiobacillia (formerly known
as Thiobacillus) and it grows around 30ᵒC. They have an optimum growth at pH below 4.0 by using
some reduced inorganic sulphur compounds (RISCs), such as S0, thiosulphate or tetrathionate, to
obtain electrons for carbon dioxide fixation. Thus, they are prevalent in acid mines due to their
capabilities of utilizing sulphur, and their adaptation to extremely acidic environments. In fact, this
is its most important skill. The outcome of a long and winding metabolic process is the production
of SO42-, which ends up generating sulphuric acid (H2SO4), and its release to the medium. This
environment acidification offers an inexpensive way to numerous industries to solubilize metals
from important minerals (Garrity et al., 2005b; Wang et al., 2019).
However, sulphur metabolism pathways are complex and diverse. Several pathways have been
described, involving a big number of enzymes such as the Sulphur Oxygenase Reductase (SOR), the
Sulphur Dioxygenase (SDO), a Rhodanese (Rhd), the Thiosulfate Dehydrogenase (TSD), the Sulphur
oxidase complex (Sox), and the Heterodisulfide Reductase (Hdr)-Like System. There have also been
described sulphur carriers (as TusA) and intermediates (such as tetrathionate, S4I; or sulphide, S2-)
(Wang et al., 2019). Nevertheless, a definitive sulphur (oxidizing) pathway is not fully known yet.
Many possible pieces of the puzzle have been described that can be used to outline the complex
metabolism of these bacteria in the near future.
In fact, this is a complex issue since not much is known about Acidithiobacillus at molecular level.
Genome sequences for some Acidithiobacillus spp. have become available in public databases since
2008 (Nuñez et al., 2017). Since then, 13 different genomes have been published, and just one of
them with less than 40 scaffolds. On the contrary, 416 genomes of Bacillus subtilis and 5,718
genomes of Pseudomonas aeruginosa have been reported in NCBI database in the same period of
time.
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Besides, it must be noted that multiprotein phylogeny and genetic phylogeny studies have
already proved the uniqueness of this genus in the past. Although it is classified in the
γ-proteobacteria class, there is really no relation between Acidithiobacillus and the rest of genus
from this class. It also shows no relation to the rest of the proteobacteria classes. So, according some
authors, Acidithiobacillus could take part of a new class within proteobacteria phylum, becoming
the seven class of the phylum together with the α-, beta-, γ-, delta-, epsilon- and zeta-proteobacteria
(Williams et al., 2010; Williams & Kelly, 2013).

Clade 1
Clade 2

OT 42

1D
OT 43:45

4C
(A. ferrivorans)

Clade 3
4A
(A. ferriphilus)

Clade 4

Figure 4. Acidithiobacillus species complex consensus phylogenetic tree. Picture taken from Nuñez et al. (2017). Clade’s
affiliation are as follows: clade 1 (purple, A. caldus), clade 2 (green, A. ferrooxidans), clade 3 (turquoise, A. ferridurans,
A. thiooxidans, and A. albertensis), and clade 4 (yellow, A. ferriphilus and A. ferrivorans).
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To make matters more difficult, the evolutionary relationships among members of this group
remain poorly understood yet. Besides, knowledge on the taxonomic structure of
the Acidithiobacillus species complex has relied on classifications achieved on the basis of
morphological and physiological characteristics for many years. Thus, acidophilic rods catalysing the
dissimilatory oxidation of both iron and sulphur have mainly been classified as strains
of A. ferrooxidans, while those that only oxidizing sulphur have been assigned
to A. thiooxidans or A. caldus species, depending on the optimal temperature of growth of the
isolate. According to 16S rRNA gene oligotyping results, 35.6% of the isolates, which presumably
have been experimentally diagnosed before being assigned to a particular taxon, were actually
incorrectly classified. In fact, new species have been proposed just five years ago to try to classify
those strains that do not fit in the rest of the clades (Falagán & Johnson, 2016). Finally, several

differences in the genome of the same Acidithiobacillus species due to econiche-driven divergence
have been detected (Figure 4), becoming even more complicated their molecular analysis not having
other genomes to compare (Nuñez et al., 2017).

IV.II.
Phosphorus in agriculture: P-based fertilizer production and their
application in crops
Fertilizers are defined as natural or man-made chemicals, that can supplement natural soil
nutrients to improve crop productivity and soil fertility (Giri et al., 2019). P-based fertilizer
production starts with the phosphate rock extraction in enormous mines, mainly using explosives
and industrial machinery. Once the phosphate rock is extracted, it is treated with strong mineral
acids (mainly hydrochloric acid (1), nitric acid (2) and sulphuric acid (3), Figure 5) following the so-called
wet route of the phosphoric acid. This route is the most used in P-based fertilizer production, and
generally the sulphuric acid is the one used, since the calcium sulphate generated during the process
is more insoluble - and therefore easier to separate and eliminate - than calcium nitrate and calcium
chloride.
Phosphate rock

thermal process
White phosphorus

(1)

(2)

H2SO4 HCl

(3)

H2SO4

HNO3

Phosphoric acid
(wet route)

H3PO4

Simple superphosphate

Triple superphosphate

NH3
Double superphosphate
MAP
K and N source

DAP
K and N source

NPK-fertilizer
(1) Ca10(PO4)6F2 + 20 HCl  6 H3PO4 + 10 CaCl2 + 2 HF
(2) Ca10(PO4)6F2 + 20 HNO3  6 H3PO4 + 10 Ca(NO3) + 2 HF
(3) Ca10(PO4)6F2 + 10 (H2SO4 · n H2O)  6 H3PO4 + 10 (CaSO4 · n H2O)s + 2 HF

Figure 5. An overview of the P-based fertilizers production processes. Based on de Boer et al. (2019).
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The process basically consists of two steps: i) the digestion of phosphate rock in a reactor and,
ii) filtration of the gypsum (calcium sulphate, CaSO4) formed. Sometimes a third step of final product
concentration and purification is added (de Boer et al., 2019; Haneklaus et al., 2017).

Finally, the resulting phosphoric acid is neutralized with ammonia to obtain MAP
(monoammonium phosphate) or DAP (diammonium phosphate). When they are supplemented with
a nitrogen (N) and potassium (K) source, NPK fertilizers are obtained. Sulphuric and phosphoric acids
can also be added directly to the phosphate rock to obtain simple (SSP) or triple superphosphate
(TSP) to be used as fertilizers. Superphosphate sources mainly contain non-purified monocalcium
phosphate [Ca(H2PO4)2], mixed with the gypsum from the phosphate rock (Figure 5) (de Boer et al.,
2019; Giri et al., 2019).
Once these fertilizers are produced, they are used in the field as a nutritional supplement for
crops. Nevertheless, P rapidly precipitates in soils when reacting with cations of aluminium(1) and
iron(2) (in acidic soils), or calcium(3) (in calcareous soils), being 4.5 and 6.5 the best pHs for the
availability of phosphorus for plants (Figure 6) (Penn & Camberato, 2019). The term P fixation is
commonly used to describe reactions that remove available P from the soil (Barber, 1995).
Thus, the P pollution problem runs alongside the rising demand for phosphatic mineral fertilizers,
being the most important ones the eutrophication and hypoxia in lakes and estuaries due to
phosphorus precipitation, and the increase of the emission of greenhouse gases due to fertilizer
production (Giri et al., 2019; Ngatia & Taylor, 2019; FAO, 2020, Zangarini et al., 2020).
Because of these drawbacks, the concepts of sustainable agriculture and mitigation of
environmental impacts are growing in significance. Thus, microbial inoculants - mostly denominated
as bio-fertilizers - are gaining prominence in the framework of agriculture (Giri et al., 2019; Santos
et al., 2019).
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In the first place, the rock is ground to a suitable grain size. Later, during the digestion of
phosphate rock, the present fluorapatite [Ca5(PO4)3F] reacts with the sulphuric acid, producing
phosphoric acid (H3PO4), hydrogen fluoride (HF), and calcium sulphate. Then, everything is extracted
from the reactor and filtered under partial vacuum, by flocculation and subsequent decantation, or,
more commonly, by flotation using surfactants, obtaining a product with a P2O5 (phosphorus
pentoxide) richness between 28% and 32% (w/v). However, this concentration is too low to be used
in fertilizers, so it is needed a concentrate step mainly by evaporation, reaching concentrations of
phosphoric acid higher than 70% (de Boer et al., 2019; Huang et al., 2019).

Amount of phosphorus fixation in the soil

(1) 2 Fe(OH)3 + 3 H2PO4  Fe2(PO4)3 + 6 H2O

Very high

Highest phosphorus
availability
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(3) CaO + 2 H3PO4  Ca(PO4)2 + H2O
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Figure 6. General qualitative representation of soil phosphorus availability as impacted by pH, and its reaction with the main
chemical element present in each range of pH. Redrawn from Penn & Camberato, 2019.

IV.II.I. Bio-fertilizers and plant growth-promoting rhizobacteria
Bio-fertilizers are defined as “a substance that contains living microorganisms which, when
applied to seed, plant surface or soil, colonise the rhizosphere or the interior of the plant, and
promote growth by increasing the supply or availability of primary nutrients to the host plant”
(Basu et al., 2021; Chatzipavlidis et al., 2013). Bio-fertilizers transform nutritionally important
elements from non-usable to highly assimilable forms through natural processes of nitrogen fixation,
solubilization of phosphorus or potassium, and plant growth-regulators production, among others
(Chatzipavlidis et al., 2013).
Plant growth-promoting rhizobacteria (PGPR) are defined as “that rhizosphere bacteria which
can enhance plant growth by a wide variety of mechanisms” like mineral solubilization (for example
P, K or Zn), nitrogen fixation, phytohormone production [auxins like indol-3-acetic acid (indoleacetic
acid), ethylene or gibberellins as gibberellic acid], synthesis of molecules with antibiotic activity
[mycotoxins, cell-wall-degrading enzymes…], or volatile organic compounds production (Figure 7).
Like chemical substances, PGPR’s nature can be very diverse and their category is defined on the
basis of its agricultural/horticultural outputs. ‘Biofertilizers’ and ‘biocontrol agents’ are also used for
describing PGPRs. They play an important role in crops health and soil fertility as they enhance plant
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growth by producing growth-promoting chemicals or antimicrobial compounds, and inducing
tolerance to some abiotic stress. PGPR can be divided into two groups: extracellular PGPR (living in
the rhizosphere of the plant), and intracellular PGPR (located inside of root cells forming nodules).
This groups of PGPR commonly includes Bacillus, Burkholderia, Enterobacter, Rhizobacteria, Serratia
or Pseudomonas (Giri et al., 2019; Mącik et al., 2020; Mukhtar et al., 2017; Saxena et al., 2019; Zhang
et al., 2020).

P solubilization

PGPR

Zn solubilization

Phytohormone
synthesis

Phytases and
phosphatases
synthesis

Figure 7. Overview of different plan growth-promoting traits exerted by the isolates.
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Despite there is a limited understanding of PGPR-plant interactions, there are several cases of
these bacteria being currently commercially used as adjuncts to agricultural practice.
Commercialized PGPR strains include Agrobacterium radiobacter, Azospirillum brasilense,
Azospirillum lipoferum, Azotobacter chroococcum, Bacillus fimus, Bacillus licheniformis, Bacillus
megaterium, Bacillus mucilaginous, Bacillus pumilus, Bacillus spp., Bacillus subtilis, Bacillus subtilis

var. amyloliquefaciens, Burkholderia cepacia, Delfitia acidovorans, Paenobacillus macerans, Pantoea
agglomerans, Pseudomonas aureofaciens, Pseudomonas chlororaphis, Pseudomonas fluorescens,
Pseudomonas solanacearum, Pseudomonas spp., Pseudomonas syringae, Serratia entomophilia,
Streptomyces griseoviridis, Streptomyces spp., Streptomyces lydicus and various Rhizobia spp.
However, PGPR inoculated crops represent only a small fraction of current worldwide agricultural
practice (Backer et al., 2018; Glick, 2012).
Nitrogen-fixing microorganisms is the most studied and used group in bio-fertilizers. Despite
nitrogen is the most abundant chemical element in the air, becomes a limiting nutrient in soils due
to its difficulty to be fixed and uptaken by plants. Some α-proteobacteria, especially some members
of the family Rhizobiaceae are widely used in bio-fertilizers. For example, Rhizobium sp. is already
commercialized for leguminous plants. Besides, the actinobacteria Frankia is also a well-known
bio-fertilizer for rice, whereas Azospirillus is used in biofertilizers for non-legume plants as sugarcane,
cotton or coffee (Abdallah et al., 2009; Giri et al., 2019; Mącik et al., 2020).
Nevertheless, with the change of century, the eyes of the scientific world have turned to the
challenge of phosphorus’s solubilization in soils, so this problem have reached a prominent position
in the bio-fertilizers market in recent years (Figure 8). In this way, the first studies about phosphorussolubilizing microorganisms (PSM) began, by analysing both fungi (such as Penicillium, Aspergillus,
Curvularia and Trichoderma), and bacteria (especially Pseudomonas and Bacillus) (Brito et al., 2020;
Giri et al., 2019; Li et al., 2019; Mącik et al., 2020).
These initial studies confirmed that phosphorus solubilization takes place mainly through two
different mechanisms: i) secretion of P-solubilizing enzymes (mainly phosphatases and phytases),
able to extract P from the soil organic matter ii) secretion of low molecular weight organic acids
(malic, oxalic, acetic, succinic, fumaric, citric, gluconic…), and mineral chelating compounds (like
siderophores), to dissolve the inorganic P present in soil (Figure 9) (Aeron et al., 2019; Chen et al.,
2016; Mącik et al., 2020; Wei et al., 2018).

7.0%
14.0%
Nitrogen-fixing
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Phosphate-solubilizing
79.0%

Others

Figure 8. Global fertilizer market share by product typology (nitrogen-fixing, phosphate-solubilizing and others microbebased biofertilizers. Marked date of 2017. Picture taken from Basu et al. (2021).
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Figure 9. Schematic representation of mechanism of soil P solubilization/mineralization and immobilization by PSM. Based on
Sharma et al., 2013.
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i) Secretion of P-solubilizing enzymes to recover P from the organic soil matter. Some
microorganisms are able to produce enzymes to recover P from the organic soil matter. One of
the most common and known are phytases. P is commonly stored in seeds and pollen as phytate.
Once in soil, if they do not germinate, some microorganisms can release their P by synthesizing
phytases. Another strategy, used by both plants and microorganisms, is the secretion of
phosphatase enzymes. These phosphatases induce the release of phosphorus from precipitated
organic compounds in soil or fertilizers by dephosphorylating phospho-ester or
phosphoanhydride bonds. This hydrolysis removes a phosphate ion, generating a molecule with
a free hydroxyl group and soluble phosphate (Alori et al., 2017; Sharma et al., 2013; Zhu et al.,
2018).

ii) Secretion of compounds to dissolve the inorganic P present in soil. Most of the
rhizobacteria strains produce a wide variety of organic acids due to it intrinsic metabolism, which
has been related with mineral phosphate solubilization. They are also able to chelate cations as
Ca2+, Fe3+, Fe2+ or Al3+, which react with soluble phosphorus form soil. Besides, some mineral
phosphorus sources such as TCP (tricalcium phosphate) or hydroxyapatite are dissolved in acid
environments like those generated by these acids (Chen et al., 2016; Wei et al., 2018).
On the other hand, iron is an essential nutrient for all rhizobacteria, because it is present in
the redox centre of many enzymes from respiratory chain. Thus, they produce high
concentrations of siderophores to capture the Fe2+ present in soil, decreasing the iron
concentration which is able to react with the phosphorus, allowing its solubilization in this way
(Aeron et al., 2019; Alori et al., 2017).
Besides, even those microorganisms that are not able to solubilize phosphorus extracellularly,
are able to improve soluble phosphorus availability for the plant. This is due to the fact that many
microorganisms are able to use some mineral, or precipitated, phosphorus sources so that they
assimilate and incorporate into their cellular metabolism. Once the cell is lysed, phosphorus is
released in assimilable forms for the plant (Aeron et al., 2019).

V. Sulphur: commodity or waste?
Turning to the matter of biomining process, the development of a mining activity with SOBs raises
another concern: to secure large amounts of sulphur supply, which is an expensive product. However,
given the role of sulphur in biomining activities (to provide to SOB with a source of energy) a high
purity is not required. Thus, S can be obtained from cheaper sources.
Sulphur occurs in nature combined with other elements forming sulphides, sulphates and organic
compounds. It exists in various oxidation states ranging from -2 to +6, which results in a variety of
reduced inorganic sulphur compounds (RISCs) including tetrathionate (S4O62-), thiosulfate (S2O32-),
sulphite (SO32-), sulphide (S2-), and elemental sulphur (S0) (Wang et al., 2019). Thus, we can find S in
sedimentary, metamorphic, and igneous rocks, as well as in all fossil fuels. Nevertheless, only a small
portion of the global S sources occurs in enough concentrated quantities to make cost-effective its
commercial extraction by mining.
Sulphur is one of the most important elements utilized by mankind as a fundamental industrial
and chemical raw material. The history of S dates back to immemorial time: Egyptians used sulphur
in bleaching linen textiles. In the Odyssey, Homer refers to its use as a fumigant. Romans used it to
produce the first incendiary weapons, and China used it in pyrotechnic around the 10th century
(Ceccotti et al., 1998; Kogel et al., 2009; Warren, 2016).
Early civilizations obtained their scanty requirements from deposits around volcanoes. However,
the discovery in the 19th century that insoluble phosphates can become more available for plants by
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reacting with sulphuric acid, the phosphate fertilizer industry started, turning it into an important
component of every sector of the world’s fertilizer industry. Fertilizers are the ultimate use of about
50% of the world’s S production, but other key uses include rubber processing, cosmetics, and
pharmaceutical applications (Ceccotti et al., 1998) (https://ihsmarkit.com).

Currently, most vehicles’ fuels are derived from natural petroleum, which is converted in oil
refineries into a wide range of fuels and petrochemical feedstocks. This natural petroleum
composition is significantly varied, but usually contains sulphur compounds (such as
benzothiophene, dibenzothiophene and alkylated derivates) from about 1 to 4 percent (although it
can even reach 8% in some cases). These compounds are one of the main problems of pollution,
because they became sulphur oxides when subjected to combustion which give rise to the formation
of oxyacids in the atmosphere, causing the phenomenon known as acid rain. Actually, from now on,
sulphur removal from petroleum feedstocks and products is expected to become increasingly
important [the global sulphur limit for marine fuels was reduced from 3.5% to 0.5% (w/w) in January
2020] (Jönander & Dahllöf, 2020; Keckler et al., 2009).
Between 6,000 and 7,000 tonnes of S are generated per million barrels of SCO (Synthetic Crude
Oil) produced, which are close to 7 million tonnes per year in 2020. The sulphur price decreased
throughout last year and reached about $46 per ton in early October 2020, the lowest price since
2009. Besides, sulphur has no import tax. All this information makes us think that it may be a very
cheap sulphur source for a biomining process with SOBs (Marsulex Environmental Technologies,
2010; U.S. Geological Survey, 2020).
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As we said before, we can find S as a component of fossil fuels, like petroleum, in a wide range
of concentrations. Thus, in the petroleum refining, a high proportion of S is removed and recovered
in its elemental form. In this way, nowadays, a new form of producing very cheap elemental S exists.

The main objective of this work faces the problem of the progressive disappearance and
consumption of phosphorus (P) reserves by providing biological solutions. The major problem with
P arises from its high reactivity in soil after the fertilization process, precipitating in the form of
insoluble salts, that are not assimilated by crops. For this reason, fertilizer addition to the soils is
much higher than necessary, causing the phosphate rock reserves (its main source of obtaining) to
be depleted in the near future. In addition, this excessive addition of phosphorus causes huge
contamination problems of soils and aquifers, without being useful for agricultural productions. In
order to shed light on these problems, different types of phosphate solubilizing bacteria (PSB) were
isolated, selected and characterized. These PSBs should be able to solubilize the precipitated P from
soils, making it available for crops. CONFIDENTIAL
Objectives

The specific objectives established to reach this purpose were:
‐ CONFIDENTIAL
‐ The analysis of the proteome of the sulphur‐oxidizing bacteria Acidithiobacillus thiooxidans
under different pH conditions, in order to determine its response to extreme acid pHs and its possible
adaptation to hyper‐extreme environments.
‐ The isolation and characterization of different phosphorus solubilizing bacteria and their
application to barley crops to analyze their possible application as biofertilizers.
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1. Introduction
A. thiooxidans is a mesophilic, chemolithotroph, autotroph, aerobic and Gram-negative
γ-proteobacteria. It is motile by one polar flagellum and is widely distributed in acidic environments
with sulphur compounds, like sulphur springs and acid mine drainage waters (Garrity et al., 2005b).
It was first isolated in 1921 by Waksman and Joffe (1922). Nevertheless, during these almost 100
years, it has been barely studied, due to its extreme conditions of growth. A. thiooxidans needs a pH
close to 3 and none organic carbon source is required. In fact, even a minimal glucose contamination
in the flask can prevent its growth. There is no formal definition of what constitutes an extreme
acidophile, but it has been propose as “those that have an optimum pH at 3 or below” (Johnson &
Quatrini, 2016). Thus, A. thiooxidans is traditionally described as an obligately extreme acidophilic
bacteria.

One of the most studied mechanisms is the impermeability of the cell membrane, which restricts
the influx of protons into the cytoplasm. Thus, acidophiles present a complex cell wall structure,
incorporating fatty acids with greater chain length, saturation and cyclization, at low pH. In fact,
A. thiooxidans is able to synthesize unsaturated acids, such as oleic acid, linoleic and, specially,
cyclopropane, under extreme acid stress, to maintain the intracellular homeostasis (Feng et al.,
2015). Besides, they can change the lipid surface charge by the ionization of their membrane lipids,
changing by this way their permeability. Besides, it has been reported that some strains of extreme
acidophiles, as A. ferrooxidans, are able to modify the pore size of their membrane channels. Thus,
they prevent protons from entering the cells (Baker-Austin & Dopson, 2007; Mirete et al., 2017;
Mykytczuk et al., 2010).
Besides, some acidophiles are able to generate a transmembrane electric potential with the
diffusion of ions (specially Na+ and K+) through the membrane by cations transporters. Thus, they
create a chemiosmotic barrier with these positive charges. In fact, it has been reported that the
maintenance of the electric potential in A. thiooxidans is mainly due to the potassium up-take,
probably through an energy dependent cation pump. Besides, the F0F1-ATPase pump promotes
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Nevertheless, all the microorganisms, even the extreme acidophiles as A. thiooxidans, require a
near-neutral intracellular pH ( ̴ 6.5) to survive. Thus, acidophiles face a tough task, because they are
exposed to high pH gradients. They leverage this gradient to obtain energy from the proton
movement across membranes downhill the electrochemical potential, with the consequent
conversion of ADP to ATP, via membrane-bound ATPases or proton-pumping respiratory chain
complexes. However, the influx of protons increases intracellular protonation, that would affect
molecular processes such as DNA replication, transcription, protein synthesis and enzyme activity.
Thus, these acidophiles shows diverse mechanisms to maintain the intracellular pH homeostasis.
The mechanisms of these processes are no well-known, since some of which were postulated in the
1980s and early 1990s, but they were not rigorously supported (Booth, 1985; Matin, 1990).
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proton extrusion through the pump with energy consumption (Krulwich et al., 2011; Mirete et al.,
2017; Mykytczuk et al., 2010).
Once the protons manage to penetrate the cell membrane, a range of intracellular mechanisms
help to reduce the biological damage. First, the cells try to sequester or release protons with
cytoplasmic buffer molecules, such as basic amino acids (lysine, histidine or arginine) (Baker-Austin
& Dopson, 2007). Other strategy is the proton uncoupling by organic acids. Thus, active mechanisms
of organic acid degradation might be a pH homeostatic mechanism used by heterotrophic
acidophiles, since the proton dissociation from the organic acid results in the acidification of the
cytoplasm and loss of proton motive force (Baker-Austin & Dopson, 2007; Lehtovirta-Morley et al.,
2014; Mirete et al., 2017).
Finally, if DNA and proteins are damaged because of the low intracellular pH, they can be repaired
by chaperones. Several protein repair genes have been found in extreme acidophiles genome
sequences, which can be related to problems associated with this pH homeostasis. In fact, DnaK,
DnaJ and GrpE increased their transcriptional levels when A. thiooxidans was grown under super acid
pH (0.4) conditions (Baker-Austin & Dopson, 2007; Feng et al., 2015; Mirete et al., 2017).
However, there is still much that is unknown about all these mechanisms to prevent cell damage
under extreme acid environments. There are two main problems for the research in these strains:
i) the lack of genetic tools to construct mutants, which would help to understand the genetic and
biochemical basis of these mechanisms; and ii) the hard conditions to grow some of these strains
under lab conditions (some of these acidophiles are even uncultured, and can only be studied using
culture-independent techniques, like metagenomics or metatranscriptomics) (Mirete et al., 2017).
Throughout this chapter, the study of the Acidithiobacillus thiooxidans proteome is addressed
to try to identify the keys to its survival in extremely acidic environments.

2.

Material and methods

2.1. A. thiooxidans 16S rRNA gene copies quantification
2.1.1. DNA isolation
A. thiooxidans DNA isolation was carried out from a liquid culture grown in AT medium at pH 3.0
at 30ᵒC and 200 rpm for 7 days, as described by Bergamo et al. (2004). DNA was purified with
phenol-chloroform method, which is based on the solubility of the biomolecules. DNA is a polar
molecule with a negative charge, while proteins are non-polar. Thus, DNA dissolves in water but not
in phenol, which remains at the bottom of the tube due to its higher density, while proteins settle
into the phenol phase. On the other hand, chloroform increases the efficiency of protein
denaturalization by phenol, and improves the organic and aqueous phases separation. Thus, a last
step with chloroform : isoamyl alcohol gets rid of the phenol of the samples.
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Protocol development





Grow a 200-mL culture for 7 days at 30ᵒC and 200 rpm in ATT medium.
Centrifuge the culture at 10,700 x g for 1 min.
Discard the supernatant.
Wash the pellet twice with 5 mL of TE buffer 11.











Centrifuge 10 min at 10,700 x g.
Wash the pellet with 1 mL of TAS buffer 12.
Centrifuge 10 min at 10,700 x g.
Resuspend the pellet in 500 µL of the breaking mix buffer 13.
Incubate samples 1 h at 50ᵒC.
Centrifuge 5 min at 17,000 x g. Transfer the supernatant to a new tube.
Wash the DNA twice with 1 volume of phenol-CIA 14 and mix thoroughly by inversion.
Centrifuge 5 min at 17,000 x g.
Transfer the aqueous phase (upper phase) to a new tube. Add 1 volume of CIA 15 and mix
thoroughly by immersion ( ̴ 30 s). Centrifuge 2 min at 17,000 x g.
Transfer the aqueous phase to a new tube. Add 2.5 volumes of ethanol and 1/10 volume of
3 M sodium acetate. Incubate at -20ᵒC for at least 2 hours or at -80ᵒC for at least 30 min.
Centrifuge 15 min at 17,000 x g and 4ᵒC.
Discard the supernatant.
Wash the DNA adding carefully 50 uL of 70% ethanol (v/v) over the pellet. Centrifuge 10 min at
17,000 x g and 4ᵒC.
Discard the supernatant.
Let the pellet dry and re-suspend in 50 µL of TE buffer11.






1F

12F

13F

14F

2.1.2. 16S rRNA gene copies quantification by Southern Blotting
Southern blotting (Southern, 1975) was carried out to quantify the number of copies of 16S rRNA
gene. Southern blotting is a method used for detection of a specific DNA sequence, which allow us
to detect the number of copies of some specific sequence. It combines the DNA electrophoresis with
its transference on a nylon membrane, and subsequent fragment detection by labelled probe
hybridization.

11

TE buffer: 10 mM Tris-HCl; 1 mM EDTA; pH 8.0.
TAS buffer: 50 mM Tris-HCl; 50 mM EDTA; 150 mM NaCl; pH 8.0.
13
Breaking mix buffer: 50 µL of 10% SDS; 150 µL 20 mg/mL Proteinase K (Fermentas); 300 µL TAS buffer.
14
Phenol-CIA: 50% neutral phenol; 50% CIA.
15
CIA: chloroform : isoamyl alcohol [24:1 (v/v)].
12
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a. Probe labelling
Label sequences were amplified from A. thiooxidans total DNA by using specific designed primers:
16S-thiooxF (5’ GCTAATATCGCCTGCTGTTG 3’) and 16S-thiooxR (5’ GTTTCCACCGCCATTCCC 3’). They
amplify a 182 bp sequence from the 16S rRNA gene. Probe labelling reaction was performed
following the protocol of Barreiro et al. (2004)

Protocol development








Amplify and purify 1 µg of DNA by phenol-CIA (see section 2.1.1).
Denaturalize by heating at 95ᵒC for 10 min. Cool quickly on ice to avoid DNA re-naturalization.
Mix 1x DIG-DNA labelling mix (Roche), 1x hexanucleotides mix (Roche), 1x reaction buffer for
Klenow fragment (Fermentas), 1U Klenow polymerase (Fermentas) and 30 ng of DNA in a final
volume of 20 µL.
Incubate the sample at 37ᵒC at least 60 min (preferably between 16 and 24 h).
Stop the reaction by adding 2 µL of 0.25 mM EDTA pH 8.0.
Store at -20ᵒC in the dark until use.

To check the label process, seven 5-fold serial dilutions were carried out, and analysed as follows:
1 µL of each dilution was applied over a nylon membrane [HybondTM-N+ membrane optimised for
nucleic acid transfer (GE Healthcare)] and DNA was fixed into the membrane by the application of
three pulses of 120,000 µJ of UV light using a UV-Stratalinker 2400 (Stratagene).Thus, membrane
verification was performed following a modified protocol of Godio (2007).

Protocol development








16

Place the membrane in a hybridization bag or in a tray.
Equilibrate the membrane with 30 mL of buffer I 16 for 1 min under constant agitation at RT.
Replace the buffer I by 50 mL of buffer II 17 and incubate for 30 min under the same conditions.
Place the membrane into a new hybridization bag containing 15 mL of antibody solution 18 and
incubated for at least 30 min under constant agitation.
Wash the membrane twice with buffer I for 15 min under constant agitation.
Replace by 40 mL of buffer III 19 and incubate for 2 min under the same conditions.
Place the membrane into a new bag hybridization containing 10 mL of detection solution 20 and
incubate for 20 - 30 min under constant agitation at RT, protected from light.
15F

16F

17F

18F

19F

Buffer I: 100 mM maleic acid; 50 mM NaCl; pH 7.5.
Buffer II: Buffer I supplemented with 1% blocking reagent (Roche).
18
Antibody solution: Buffer II supplemented with a 1:15,000 diluted solution of Anti-Digoxigenin antibodies
(Anti-Digoxigenin-AP Fab fragments, Roche)
19
Buffer III: 0.1 M Tris-HCl, pH 9.5; 0.1 M NaCl; 0.5 M MgCl2 · 6 H2O.
20
Detection solution: Buffer III supplemented with 350 µg/mL NTB (Roche) and 175 µg/mL BCIP (Roche).
17
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Stop the reaction by washing the membrane with dH2O.

Dark spots appeared on the membrane with lower intensity in serial dilutions.
b.

DNA transfer to a nylon membrane

Total genomic DNA from A. thiooxidans was digested with four different restriction enzymes:
BamHI (Fermentas), EcoRV, HindIII and XhoI (EURx), which did not cut inside the labelled probe. To
determine the restriction enzymes that should be used, SeqBuilder v 7.1 software (DNASTAR,
Lasergene) was used.
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20F

21F

2F

23F

In order to check the success of the transfer process, the agarose gel was recovered and
visualised by staining again with ethidium bromide. No bands should appear on the gel.

21

Transfer solution (20x SSC): 3 M NaCl; 0.3 M sodium citrate; pH 7.0.
Depurination solution: 0.25 M HCl.
23
Denaturation solution: 1.5 M NaCl; 0.5 N NaOH.
24
Neutralizing solution: 1.5 M NaCl; 0.05 M Tris-HCl, pH 7.2; 1 mM EDTA.
22
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Separate the digested DNA by electrophoresis in a 0.6% (w/v) agarose gel. Stain the gel by
immersion in 2.0 µg/mL ethidium bromide. 1 µL of the PCR fragment without labelling was used
as control.
Wash the agarose gel with transfer solution 21 (also called 20x SSC solution).
Cut a nylon membrane (HybondTM-N+ membrane, GE Healthcare) 1 cm larger in each side than
the gel and wet it with 20x SSC solution.
Place the membrane into the transfer system according to the manufacturer’s instructions. Mark
the position of the wells into the membrane and connect the vacuum system (until reach
50 mbar).
Cover the gel with depurination solution 22 for 15 - 20 min.
Remove the depurination solution and cover the gel with denaturation solution 23 for
15 - 20 min.
Replace the denaturation solution by neutralizing solution 24 and incubate for 20 - 25 min.
Then, remove neutralizing solution and cover the gel with transfer solution21 and incubate for
1 h.
Remove the solution and fix the membrane by the application of three pulses of 120,000 µJ of
UV light [UV-Stratalinker 2400 (Stratagene)].
Wash the nylon membrane with 2x SSC and let it dry.
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c.

DNA hybridization and detection

Protocol development


Wet the membrane with 20x SSC21 solution and place it into a hybridization bag containing
0.2 mL/cm2 of pre-hybridization solution 25. Incubate it in a water bath at 42ᵒC for 1 - 4 h under
constant agitation.
Meanwhile, boil the labelled probe at 95ᵒC for 10 min in order to denaturalize the DNA. Quickly,
cool it on ice to avoid re-naturalization.
Replace pre-hybridization solution by 0.2 mL/cm2 of the hybridization solution 26 and incubate at
least for 8 h under the same conditions (at 42ᵒC and constant agitation).
Wash the nylon membrane twice with 15 mL of wash buffer I 27 for 15 min under constant
agitation at RT.
Wash twice the membrane with 15 mL of wash buffer II 28 for 25 min under the same conditions.
Equilibrate the membrane with 30 mL of buffer I for 1 min under constant agitation at RT.
Replace the buffer I by 50 mL of buffer II and incubate for 30 min under the same conditions.
Place the membrane into a new bag hybridization containing 15 mL of antibody solution18 and
incubated for at least 30 min under constant agitation.
Wash the membrane twice with buffer I16 for 15 min under constant agitation.
Replace by 40 mL of buffer III19 and incubate for 2 min under the same conditions.
Place the membrane into a new bag hybridization containing 10 mL of detection solution20 and
incubate for 20 - 30 min under constant agitation at RT protected from light.
Stop the reaction by washing the membrane with dH2O.
24F













25F

26F

27F

2.2. A. thiooxidans growth determination by quantitative PCR (q-PCR)
A 500-mL Erlenmeyer flasks containing 200 mL of AT medium were inoculated with 1 mL of a
7-days pre-grown culture, and incubated at 30ᵒC and 200 rpm for 11 days. 1.5 mL samples were
taken daily and filter through sterile filter paper. 1 mL of the sample was then centrifuged at 17,000
x g for 10 min and pellets were washed with 100 µL of ddH2O. Pellets were resuspended in 20 µL of
sterile ddH2O. Samples were storage at -20ᵒC until use. At the end of the fermentation, cell
suspensions were quantified by q-PCR.
The q-PCR reactions were performed in the Mx3005P qPCR System (Stratagene) using the SYBR
TB Green Premix Ex Taq (Takara). q-PCR reactions were carried out in triplicate in 96-well plates in a
20 μl final volume containing 1× TB Green Premix Ex Taq (Takara), 200 nM of each primer and 5 µL

25
Pre-hybridization solution: 5x SSC; 30% formamide; 0.1% laurosylsarcosine; 0.02% SDS; 1% blocking
reagent (Roche)
26
Hybridization solution: Pre-hybridization solution supplemented with the labelled probe.
27
Wash buffer I: 2x SSC; 0.1% SDS.
28
Wash buffer II: 0.1x SSC; 0.1% SDS.
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of a 1:10 diluted culture. Cells were disrupted by heat during the initial denaturation step. The cycling
protocol was as follows: initial denaturation for 2 min, at 95ᵒC; followed by 40 cycles of 20 s, at 95ᵒC;
20 s, at 62ᵒC; and a final extension of 1 min at 72ᵒC. Melting curve assays were performed from 55
to 95 °C. Specific amplification was confirmed by a single peak in the melting curve. A standard curve
of the CT values vs initial DNA concentration was calculated using total DNA with a concentration
from 2.5 fg to 25 ng, and it was used to determine the concentration of the unknown samples, based
on their CT values (Wilhelm et al., 2003). Nuclease-free water was used as non-template control
(NTC). Next, the amount of DNA in the unknown sample (fg) is split into the number of copies of the
16S rRNA gene that exists in the initial sample, and is transformed by the length of the template (in
bp) by the following formula:



Where NA is Avogadro’s Number (6.022 · 1023 molecules/mol), MBP is the average weight of a
base pair (bp) which is 660 g/mol, fg (DNA) is the amount of DNA based on its CT, and length is the
length of the template (in bp), which was 182 bp.

A. thiooxidans total DNA was extracted as described by Bergamo et al. (2004) (see section 2.1.1),
and sent to Macrogen (Humanizing Genomics Macrogen, Korea) for Pacbio and Illumina sequencing,
de novo assembly and annotation.
Functional analysis of A. thiooxidans genome was carried out using RAST server (Rapid
Annotation using Subsystem Technology) (www.rast.theseed.org/FIG/rast.cgi) (Aziz et al., 2008;
Overbeek et al., 2014).

2.4. Determination of the pH stress conditions in A. thiooxidans by reverse transcription
PCR (RT-PCR)
RT-PCR (reverse transcription polymerase chain reaction) is a molecular biology technique based
on the PCR, which monitor the amplification of a targeted DNA molecule. In our case, the two-step
RT-PCR was used, since the reverse transcription of the RNA to cDNA and the PCR steps were
performed in separate tubes. Besides, a non-specific detection was carried out, using SYBR Green as
dye. SYBR Green binds to all double-stranded DNA (including primer dimers), so it is important to
verify the specificity of amplification with the melting peaks.
In order to determine the pH conditions for the A. thiooxidans proteome analysis, five different
pHs were tested: 0.5, 1.5, 3.0, 5.5 and 6.0; at two different times: 30 and 60 min. Thus, differential
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2.3. A. thiooxidans genome sequencing
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expression of four well-known stress genes was checked. Besides, sdoA expression was used as
control.
Table 5. Oligonucleotides used for the RT-PCR assay.
Primer name

Primer sequence (5′–3′)

F_dnaJ

TCGAAGTCAAAGTGCCGGCCGGAGTAGATA

R_dnaJ

GCCGCGTTCCCCAGCTCCCCTTCACCATTCAGAC

F_dnaK

GGAAGGCGACAAGGTCAAGG

R_dnaK

CGCGCACTTCCACCCAGG

F_groEL

ACTGCGGCTATCTGTCGTCCTA

R_groEL

GATCTGGCCGCCTCCTCTA

F_rpoH

TTGCGCAACTGGCGTATTGTCAAAGTGGCTACCA

R_rpoH

CTTCAGCAATGGCCGCACTTTCCTCACCACTCAAC

F_sdoA

CGAGGAAAATCTGCAGGTTGAGTGG

R_sdoA

CGTTATAGATCTGGGCGAAAGTT

The first step towards differential expression quantification by RT-PCR is the RNA extraction from
the samples. Thus, six 500-mL Erlenmeyer flasks containing 200 mL of AT medium supplemented
with 1% (w/v) elemental S were inoculated with 1 mL of a 7-days pre-grown culture, and incubated
at 30ᵒC and 200 rpm for 5 days. Cultures were then collected by centrifugation at 9,600 x g for 10 min
into 50-mL tubes, and pellets were resuspended in 50 mL of AT medium at pH 3.0. Each 50-mL sample
was spread out into 5 different tubes containing 10 mL each one. Samples were centrifuged at
9,600 x g or 10 min and each pellet was resuspended in 50 mL of AT medium at the defined pH (0.5,
1.5, 3.0, 5.5 or 6.0) (Figure 21). Samples were incubated at 30ᵒC and 200 rpm, and three tubes per
pH condition were incubated for 30 min and the other three for 60 min.

Protocol development
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Centrifuge the samples at 9,600 x g for 10 min after the incubation at the corresponding pH for
30 or 60 min.
Add 1 mL of TRIzol reagent (Invitrogen) and resuspend the pellet mixing by pipetting.
Incubate at RT for 5 min.
Add 0.3 mL of chloroform and incubate 2 - 3 min at RT.
Centrifuge 15 min at 17,000 x g and 4ᵒC.
Transfer the upper phase (aqueous phase) to a new 1.5-mL microtube.
Add 0.55 volumes of isopropanol and incubate at RT for 15 min.
Centrifuge 10 min at 17,000 x g and 4ᵒC.
Discard the supernatant and wash the pellet with 1 mL of 70% (v/v) ethanol. Centrifuge at
17,000 x g and 4ᵒC for 5 min and discard the supernatant.
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Resuspend the RNA with 50 µL of ddH2O (RNAse free) and quantify with NanoDrop 2000
Spectophotometer (Thermo Scientific).

5 tubes per each
initial flask

x6 per pH condition
x3 30 min / x3 60 min

50 mL AT pH 0.5

1 mL
50 mL AT pH 1.5
Centrifugation
9,600 x g
10 min
10 mL

x6
200 mL
AT pH 3.0
30ᵒC 200 rpm
5 days

x6
50 mL
AT pH 3.0

50 mL AT pH 3.0

50 mL AT pH 5.5

50 mL AT pH 6.0

Figure 21. Diagram explaining the sample collection for the RT-PCR assay. Six flasks containing 200 mL cultures were
collected by centrifugation and pellets were resuspended in 50 mL of AT medium at pH 3.0. Each sample was then spread
out in 5 different tubes, which were centrifuged and resuspended in the corresponding pH. Thus, one pH condition was
obtained from each flask, with a total of 6 samples per pH condition. Three of them were incubated for 30 min and the
other three for 60 min at 30ᵒC and 200 rpm.

Once the RNA is extracted, cDNA was synthesized via reverse transcription:

Protocol development
Step one:






Place 1 µg of RNA in a new microtube.
Add 1 µL of DNAse I, RNase free (Thermo Scientific) and 1 µL of 10x Reaction buffer
supplemented with MgCl2 and RNase free H2O (Takara) up to 10 µL.
Incubate at 37ᵒC for 30 min.
Stop the reaction by adding 1 µl of 25 mM EDTA and incubate 10 min at 65ᵒC. Quantify with
NanoDrop 2000 Spectophotometer (Thermo Scientific).
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7 days
100 mL
AT pH 3.0
30ᵒC 200 rpm

Centrifugation
9,600 x g
10 min
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Step two:



Place 500 ng of RNA in a new microtube and add 2 µL of 5x PrimeScript RT Master Mix
(Takara) and ddH2O RNAse free up to 10 µL.
Incubate the reaction at 37ᵒC for 15 min and stop the reaction by incubating the samples at
85ᵒC for 5 s. Store the samples at 4ᵒC until use.

Transcript levels of the selected genes were determined by quantitative reverse transcription
PCR (RT-PCR). RT-PCR reactions were carried out in triplicate in 96-well plates in a final volume of
20 µL containing 1x TB Green Premix Ex Taq (Takara), and 100 nM forward and reverse primers
(Table 5). Cycling parameters were the following:
Table 6. Cycling parameters of the RT-PCR for the six selected genes.
Cycles

groEL2

dnaJ

x1
x40
x1

rpoH

dnaK

sdoA

60ᵒC ; 20 s

58ᵒC ; 20 s

95ᵒC ; 2 min
95ᵒ C ; 20 s
60ᵒC ; 20 s

62ᵒC ; 20 s

62ᵒC ; 20 s
72ᵒC ; 1 min

Melting peaks were visualized to check the specificity of the amplification. The results obtained
for each gene of interest were normalized to the expression of sdoA gene. Three biological, with
three technical replicates, were used. Relative gene expression was determined with the formula
fold induction: 2−ΔΔCt, where:

்ீ

ோீ

Ct (cycle threshold) value is based on the threshold crossing point of individual fluorescence
traces of each sample. CC is the control condition (pH 3.0 in our case) and EC are the experimental
conditions (the rest of the conditions). On the other hand, TG are the target genes (groEL, dnaJ, dnaK
and rpoH) and RG are the reference genes (sdoA). The genes analysed were considered significantly
up- or downregulated when differences of expression ratio were higher than 2 or lower than 0.5,
respectively.
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2.5. A. thiooxidans SOB3 proteome analysis under pH stress by 2D DIGE analysis
2.5.1. Preparation of A. thiooxidans protein extracts
Without prior information in this regard, one would expect that the strain could have a complex
and thick cell membrane due to the extreme conditions to grow, so it should be considered to use
vigorous lysis methods, such as sonication or glass bead homogenization.
a. A. thiooxidans protein extraction by glass beads homogenization

Protocol development







Resuspend the pellet in 800 µL of washing buffer 29 containing a protease inhibitor mix
(COMPLETE, Roche) and add the sample into a FastProtein BLUE tube BIO 101 (MP Biomedicals)
containing a silica-ceramic matrix of 0.1 mm of diameter.
Cell disruption was carried out in a Savant Bio 101 FastPrep FP120 cell disruption system Fastprep
(MP Biomedicals) machine at a speed ratio of 6.5 m/s for three-time intervals of 30 s, and 1 min
resting on ice.
Centrifuge the samples at 16,168 x g for 10 min to remove cell debris and silica matrix.
Transfer the supernatant to a new tube and add 1 µL of Benzonase 30 (Merck). Incubate the
samples for 30 min at 37ᵒC.
29F

b.

A. thiooxidans protein extraction by sonication

A. thiooxidans protein extracts were prepared from cells grown to the mid-exponential growth
phase in AT liquid medium. Thus, 200 mL of AT medium supplemented with 1% elemental sulphur
were inoculated at 0.25% (v/v) with a 5-days grown pre-culture. The culture was grown for 65 h and

29
30

Washing buffer: 50 mM Tris-HCl; pH 7.2.
Benzonase: Mix of RNase I and DNase I (Merck).
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A. thiooxidans protein extracts were prepared from cells grown to the mid-exponential growth
phase in AT liquid medium. Thus, 10 L of AT medium supplemented with 0.1% elemental sulphur
were inoculated at 0.25% (v/v) with a 5-days grown pre-culture. The culture was grown for 65 h and
centrifugated at 10,700 x g for 10 min. The pellet was resuspended into 30 mL of AT medium at pH
3.0 and separated into 3 tubes containing 10 mL of the sample. They were centrifugated at 10,700 x g
for 10 min and each tube was resuspended in 50 mL of AT medium at the corresponding pH: 0.7, 3.0
or 6.0. Flasks containing 50 mL of AT medium at the corresponding pH were inoculated with 10 mL
of the sample and they were incubated at 30ᵒC and 200 rpm for 90 min. Samples were centrifugated
at 10,700 x g for 10 min and pellets were washed with 1 mL of cold and sterile ddH2O. After removal
of the supernatant, protein extraction was carried out by following Barreiro et al. (2005) protocol:
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centrifugated at 10,700 x g for 10 min. After removal of the supernatant, protein extraction was
carried out by sonication with an Ultrasonic Processor XL sonicator (Misonix):

Protocol development





Resuspend the pellet in 800 µL of washing buffer29 containing a protease inhibitor mix
(COMPLETE, Roche).
Sonicate the samples for five-time intervals of 10 s, and 1 min resting on ice.
Centrifuge the samples at 16,168 x g for 30 min.
Transfer the supernatant to new tube and add 1 µL of Benzonase30 (Merck). Incubate the sample
for 30 min at 37ᵒC.

c.

Protein precipitation with acetone

After protein extraction, the proteins are present in a wide dynamic range of concentrations in
the whole cell lysates. Thus, precipitation of the proteins in the sample and removal of interfering
substances are optional steps, but recommended, and depends on the nature of the sample and the
experiment goal. So, for a 2-D DIGE analysis, both steps are crucial to assure the quantity and quality
needed of protein sample. The precipitation step was carried out using acetone, since proteins are
insoluble in acetone (specially at low temperatures), while other molecules such as hydrocarbons
are soluble. Thus, this method allows to wash and concentrate the protein from a culture sample
(Barreiro et al., 2017).

Protocol development






Add 4-9 volumes of cold acetone and incubate the sample at -20ᵒC O/N.
Centrifuge the sample at 3,220 x g and 4ᵒC for 5 min.
Wash the pellet with acetone 80% (v/v) and centrifuge the samples at 3,220 x g and 4ᵒC for
5 min.
Let the pellet air-dry and resuspend in 100 µL of rehydration buffer 31.
Quantify the crude extract protein by the Bradford assay (see section 2.5.2) and store at -20ᵒC
until use.
30F

2.5.2. Protein concentration quantification by Bradford assay
Protein quantification was carried out by Bradford assay (Bradford, 1976), by mixing the samples
with Bio-Rad Protein Assay Dye Reagent Concentrate (BioRad), following manufacter’s instruction.
This method is based on the absorption change from 465 nm to 595 nm of the Coomasie blue when

31
Rehydration buffer: 8 M urea; 2% (w/v) CHAPS [3-[(3-cholamidopropyl) dimethylammonio]-1propanesulfonate]; 0.01% bromophenol blue.
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mixed with proteins. The standard curve was carried out with bovine serum albumin (BSA, Fermentas)
from a stock solution at 0.25 mg/mL as follow:
Table 7. Preparation of the standard curve of BSA for the protein quantification by Bradford method.
Total protein (µg)
V (stock) (µL)
V (ddH2O) (µL)

0
0
800

0.5
2
798

1.25
5
795

2.5
10
790

3.75
15
785

5
20
780

6.25
25
775

7.5
30
770

8.75
35
765

10
40
760

Protocol development




Transfer 1 µL of protein samples to a new 1.5-mL microtube and add dH2O until a final
volume of 800 µL.
Add 200 µL of Bradford reactive (Bio-Rad Protein Assay Dye Reagent Concentrate, BioRad).
Mix gently and incubate in the dark for 5 min.
Mix the samples and measure absorbance at 595 nm.

SDS is an anionic detergent that dissociate the proteins into their monomers and break
non-covalent forces (hydrogen-bonding, hydrophobic and ionic interactions), which are partially
responsible for the three-dimensional structure of a native protein. Thus, it masks the charge of the
proteins themselves and the formed anionic complexes have a roughly constant net negative charge
per unit mass. SDS-PAGE was carried out by following Laemmli protocol (1970). So, acrylamide gels
have two different phases: upper phase is the stacking gel (which concentrate the proteins, making
them start from the same point) (Table 8) and the lower phase is the separating gel, which separate
the proteins on the basis of molecular weight (Table 9). Both phases have the same compounds but
different concentrations, so they have different characteristics, such as pH or ionic strength. Besides,
both gels have TEMED (N,N,N’,N’-Tetramethylenediamine), which acts as catalyst, and APS
(ammonium persulphate), which is the radical initiator of the polymerization process.

Protocol development






Assembly the glass-plates with the Mini-Protean II system (BioRad) for 8 cm gels following
manufacturer’s instructions, with 0.75 mm spacers.
Prepare the mix for the separating gel (Table 9), being PSA the last compound to be added.
Add the mix between the glass-plates without creating bubbles. Cover the mix with isopropanol
and let the gel polymerize.
Remove the isopropanol and wash the surface of the gels with ddH2O.
Prepare the mix for the stacking gel (Table 8).
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2.5.3. 1D: SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis)
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Put the comb between the glass-plates and add the mix of the stacking gel. Let the gel
polymerize.
Mix 20 µg of total protein (in a final volume of 10 µL) with 10 µL of denaturalizing buffer 32 and
boil the samples for 5 min. Immediately, place the samples on ice.
Run the gels into an electrophoresis chamber with electrophoresis buffer 33 at 100 - 150 V.
32F

3F

Table 8. Composition of the stacking phase for SDS-PAGE for a final volume of 10 mL.

Acrylamide / bis-acrylamide 37.5:1 34
Tris-HCl 0.5 M pH 6.8
31F

SDS 20% (w/v)
APS 10% (w/v)

1.3 mL
2.5 mL
50.0 µL

TEMED

50.0 µL
10.0 µL

ddH2O

6.1 mL

Table 9. Composition of the separating phase for SDS-PAGE for a final volume of 10 mL and a final
concentration of acrylamide/bis-acrylamide of 12% (w/v).

Acrylamide / bis-acrylamide 37.5:1 32
Tris-HCl 1.5 M pH 8.8
SDS 20% (w/v)
APS 10% (w/v)

4.0 mL
2.5 mL
50.0 µL

TEMED

50.0 µL
5.0 µL

ddH2O

3.4 mL

5 µL of Precision Plus Protein Standards (Bio-Rad) was used as molecular weight marker. Gels
were stained following the “blue silver” Colloidal Coomassie staining method (see section 2.5.4)
(Jami et al., 2010).

32

Denaturalizing buffer: 350 mM Tris-HCl, pH 6.8; 2% SDS; 30% glycerol; 0.02 % (w/v) bromophenol blue;
0.6 M DTT.
33
Electrophoresis buffer: 250 mM Tris base; 2 M glycine; 1% (p/v) SDS; pH 8.3.
34
Acrylamide/bis-acrylamide: commercial solution (Protogel, National Diagnostics) containing 30% (w/v)
acrylamide : 0.8 (w/v) bis-acrylamide (37.5 :1).
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2.5.4. Colloidal Coomassie staining method
The staining protocols mainly consist on: i) fixation, to immobilize the proteins on the gel and
eliminate SDS, buffers and other contaminants, ii) staining of the gel with organic dyes such as
Coomassie blue, or formulations for the deposition of metals like silver, and, iii) a final stage to carry
out the staining reaction when using metals, or the washes to reduce the background of the organic
dyes (Candiano et al., 2004; Steinberg, 2009).
In our case, a colloidal Coomassie blue staining was carried out. Colloidal Coomassie can be
formulated to effectively stain proteins within 1 hour and requires only water (no methanol or acetic
acid) for fading. This protocol has numerous advantages: it is quick, simple and reversible, among
others. Because no chemical modification occurs, excised protein bands can be completely faded
and the proteins recovered for analysis by mass spectrometry or sequencing.

Protocol development
Incubate the gel in 50 mL of fixation buffer 35 for 30 min.
Wash the gel three times by incubating it in 50 mL of ddH2O for 10 min each.
Place the gel in a Coomassie solution 36 and stain O/N.
Place the gel in ddH2O to de-stain the gel, to visualize the separated protein molecules as bands.
34F

35F

2.5.5. 2D protein electrophoresis
a. First-dimension: isoelectric focusing (IEF).
Proteins are amphoteric molecules: they can present either positive, negative or zero net charge,
depending on the pH of their surroundings. The net charge of a protein is the sum of all the negative
and positive charges of its amino acid side chains, and amino- and carboxyl-termini. The isoelectric
point (pI) is the specific pH at which the net charge of the protein is zero. Thus, proteins are positively
charged at pH values below their pI and negatively charged at pH values above their pI. In a pH
gradient, and under the influence of an electric field, a protein will move to the gradient position
where its net charge is zero (Gorg, 2004).
Thus, the IEF was carried out with the IPGphor Isoelectric Focusing System (Amersham
Biosciences), with a 7 cm IPG strips (Immobiline DryStrips gels, GE Healthcare) nonlinear (NL)
gradient pH from 3 to 10 and linear gradient pH from 4 to 7.

35

Fixation buffer: 7% (v/v) acetic acid; 7% (v/v) methanol.
Coomassie brilliant blue G250 dye solution: 10% (v/v) phosphoric acid; 10% (w/v) ammonium sulphate;
0.12% (w/v) Coomassie brilliant blue G250 dye; 20% (v/v) methanol. Filter through a filter paper (Candiano et al.,
2004).
36
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Protocol development


Place 80 - 100 µg of protein in a new microtube. Add rehydration buffer (RB) 37, supplemented
with 1% IPG buffer 38 and 65 mM DTT (dithiothreitol), to a final volume of 125 µL.
Place the mix into the holder for 7 cm IPG strips.
Place the strip in the holder, over the mix. Avoid air bubbles trapped between the sample and
the strip.
Cover the strip with 1 mL of DryStrips Cover Fluid (GE Healthcare).
Run the electrophoresis at 50 µA/strip and 20ᵒC: 1 h 0 V (rehydration); 12 h 30 V; 30 min 60 V;
30 min 300 V; 30 min 1,000 V; 30 min (gradient) until 5,000 V; and 5,000 V up to reach a total of
10,000 Vh (2 h approx.).
Store the trips at -80ᵒC until use.
36F

37F








b. Second-dimension: SDS-PAGE
As described above for 1-D gels, SDS denatures proteins masking their net charge. Besides, the
DTT from the IEF step is a reducing agent which reduces disulphide bonds from the proteins,
preserving the fully reduced state of denatured, unalkylated proteins. Both together, make the
proteins run through the acrylamide just by their molecular weight. Finally, before second dimension
running, samples are incubated with iodoacetamide (IAM), which alkylates thiol groups of proteins
to avoid the re-oxidation during the electrophoresis.

Protocol development







37

Assembly the glass-plates with the Mini-Protean II system (BioRad) for 7 cm gels, following
manufacturer’s instructions, with 1.50 mm spacers.
Prepare the mix for the separating gel (Table _), being PSA the last compound to be mixed.
Add the mix between the glass-plates without creating bubbles. Cover the mix with isopropanol
and let the gel polymerize.
Remove the isopropanol and wash the surface of the gels with ddH2O.
Incubate each IEF strips with 5 mL of equilibration buffer 39 supplemented with 1% DTT for 15 min
in constant agitation.
Remove the buffer and replace it for 5 mL of equilibration buffer supplemented with 4% IAM in
constant agitation.
38F

Rehydration buffer (RB): 8 M urea; 2% (w/v) CHAPS (3-[(3-cholamidopropyl) dimetilamonio]-1propanesulfonate); 0.002% (w/v) bromophenol blue. Filter through 0.45 µM membrane (Millipore). Store
at -20ᵒC.
38
IPG buffer: commercial mix (Cytiva, formerly GE Healthcare) of ampholytes to improve protein migration
and produce more uniform conductivity along the Immobiline DryStrip during focusing.
39
Equilibration buffer: 2% (w/v) SDS; 50 mM Tris-HCl, pH 8.8; 6 M urea; 30% (v/v) glycerol; 0.002%
bromophenol blue.
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Wash the IEF strips with ddH2O and place them into the glass-plates.
Run the gels into an electrophoresis chamber with electrophoresis buffer 40 at 100 - 150 V.
Stain the gel by the colloidal Coomassie staining method (see section 2.5.4).
39F

5 µL of Precision Plus Protein Standards (Bio-Rad) was used as molecular weight marker.

2.5.6. 2-D DIGE analysis
2-D Fluorescence Difference Gel Electrophoresis (2-D DIGE) is a method that labels protein
samples prior to 2-D electrophoresis, enabling accurate analysis of differences in protein abundance
between experimental groups. Thus, labelling samples with up to three fluorescent dyes (CyDye DIGE
Fluor dyes) during 2-D DIGE offers a quantitative analysis of protein expression. This ability to
separate more than one sample in a single gel permits the inclusion of up to two samples and an
internal standard (internal reference) in every gel. The internal standard is prepared by mixing equal
amounts of each sample and replicates in the experiment and including this mixture on each gel
(Gorg, 2004).

Protein extraction and sample clean-up are the main steps to ensure an optimal resolution and
reduce variability of 2-D gels. Clean-up is designed to prepare samples for an optimal 2-D DIGE
labelling, removing salts, detergents, denaturants or organic solvents. Thus, Clean-Up Kit
(GE Healthcare) was used following manufacturer’s instructions.

Protocol development











40

Transfer 200 µg of protein in a maximum volume of 100 µL to a 1.5-mL microtube.
Add 300 µL of precipitant. Mix by vortexing and incubate on ice for 15 min.
Add 300 µL of co-precipitant to the mixture and mix by vortexing.
Centrifuge at 16,168 x g and 4ᵒC for 5 min.
Remove the supernatant by pipetting. Centrifuge the tubes to bring any remaining liquid to the
bottom of the tubes.
Without disturbing the pellet, layer 40 µL of co-precipitant on the pellet. Incubate on ice for
5 min.
Remove the supernatant by pipetting. Centrifuge the tubes to bring any remaining liquid to the
bottom of the tubes.
Resuspend the pellet in 100 µL of ddH2O by pipetting or vortexing.
Add 1 mL of prechilled wash buffer (-20ᵒC) and 5 µL of wash additive. Mix by vortexing or
pipetting until the pellet is fully dispersed.
Incubate at least 30 min at -20ᵒC.

Electrophoresis buffer: 250 mM Tris base; 2 M glycine; 1% (p/v) SDS; pH 8.3.
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a. 2-D Clean-up
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Centrifuge at 16,168 x g and 4ᵒC for 5 min.
Totally remove the supernatant by pipetting. Centrifuge the tubes to bring any remaining liquid
to the bottom of the tubes. Ensure supernatant elimination.
Resuspend the pellet in 20 µL of resuspension buffer 41 supplemented with 30 mM Tris.
Centrifuge at 16,168 x g for 30 seg to remove any insoluble material and reduce any foam.
Adjust the pH of the sample to 8 – 8.5 with 100 mM NaOH.
Measure final pH by means of pH indicator strips.
Quantify the protein samples by Bradford protocol (see section 2.5.2).
40F

Label samples with
different CyDyes

2D electrophoresis

Image specific λ
for each CyDye
Overlap images
Expression analysis

Protein
extraction

IEF

Combine

SDS-PAGE

Figure 22. 2-D DIGE analysis scheme from the protein extraction by FastPrep to the analysis of the differential expression by
DeCyderTM Image Analysis Software (GE Healthcare).

b. Minimal labeling proteins with CyDye DIGE Fluor minimal dyes
CyDye DIGE Fluor minimal dyes consist of three bright, spectrally resolvable fluors (Cy2, Cy3, and
Cy5). The dyes contain an N-hydrooxysuccinimidyl ester reactive group, which forms a covalent bond
with the lateral amino group of lysine residues. To assure minimal labelling, the concentration of dye
present in a protein labelling is limiting, to lead the labelling of 1 - 2% of lysine residues (Gorg, 2004).

Protocol development



Keep the dyes at RT at least 10 min to avoid water condensation.
Reconstitute CyDye DIGE Fluor minimal dyes with 99% anhydrous N,N-dimethylformamide
(DMF) to a final concentration of 1 nmol/µL. This is the called stock dye solution and is stable
for two months at -20ᵒC.

41
Resuspension buffer (RB2): 8 M urea; 4% (w/v) CHAPS (3-[(3-cholamidopropyl) dimetilamonio]-1propanesulfonate. Filter through 0.45 µM membrane (Millipore). Store at -20ᵒC.
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Dilute the stock dye solution to 0.4 nmol/µL (working dye solution) with DMF. This solution is
stable for one week at -20ᵒC.
Add 1 µL of Cy3 or Cy5 working solution to a sample containing 50 µg of protein. Mix by
vortexing and centrifuge at 16,168 x g for 30 seg. Label replicates of the same condition with
different dyes (dye swap).
For internal standard dye, add 25 µg of each sample to a microtube and add x µL of Cy2 (when
x is half the number of total gels).
Incubate samples 30 min on ice in the dark.
Stop the labelling reaction by adding 1 µL of 10 mM lysine and incubate for 10 min on ice and
in the dark.

c. First dimension IEF
Soluble proteins in sample buffer were isoelectrofocused on an IPGphor apparatus, by means of
3-10 NL Immobiline™ 18-cm IPG strips (GE Healthcare).

Protocol development



Pair samples labelled with Cy3 and Cy5 and add the internal standard.
Add RB37 supplemented with 1% IPG buffer38 and 80 mM DTT to a final volume of 350 µL.
Place the mix into the holder for 18 cm IPG strips.
Place the strip in the holder, over the mix. Avoid air bubbles between the sample and the strip.
Cover the strip with 2 – 2.5 mL of DryStrips Cover Fluid (Amersham Biosciences).
Run the electrophoresis at 100 µA/strip and 20ᵒC: 1 h 0 V; 12 h 30 V (rehydratation); 2h 60 V;
1 h 500 V; 1 h 1,000 V; 30 min gradient until 8,000 V; and 8,000 V until 50,000 kVh (6 - 7 h
approx.).
Store the samples at -80ᵒC until use.

d.

Second dimension SDS-PAGE

Protocol development





Assembly the Ettan DALT six gel casting cassettes (GE Healthcare) for 24 cm gels, following
manufacturer’s instructions with 1 mm spacers.
Prepare the mix for the separating gel (Table 10) and degas it by continuous stirring for 30 min.
Add the PSA to the mixture and place it between the glass-plates avoiding bubbles. Cover the
mix with isopropanol and let the gel polymerize (1 h aprox.).
Remove the isopropanol and wash the surface of the gels with ddH2O. Cover the gels with
lower electrophoresis buffer 42 1x and storage them at 4ᵒ O/N.
41F

42

Lower electrophoresis buffer 5x: 15.2 g/L of Tris; 72 g/L of glycine; 5 g/L of SDS.
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Incubate each IEF strips with 10 mL of equilibration buffer 43 supplemented with 1% DTT for 15
min in constant agitation. Remove the buffer and replace it for 10 mL of equilibration buffer
supplemented with 4% IAA in constant agitation.
Wash the IEF strips with ddH2O.
Insert the gels into the Ettan DALT electrophoresis unit and add 5 L of 1x lower electrophoresis
buffer and 1 L of upper electrophoresis buffer 44.
Place the strips on the top pf each gel.
Run the electrophoresis at 3 W per gel for 45 min and 1.3 W per gel until 100 W (12 h approx.).
42F

43F




5 µL of Precision Plus Protein Standards (Bio-Rad) was used as molecular weight marker. Gels
were scanned by Ettan Dige Imager Software 1.0 (GE Healthcare) and stained following the “blue
silver” Colloidal Coomassie staining method as described above (see section 2.5.4).
Table 10. Composition of the protein denaturalizing acrylamide gels for the second dimension for a final volume of 400 mL
(6 gels of Ettan DALT Six, Amersham Bioscience) and a final concentration of 12.5% (w/v) acrylamide/bis-acrylamide.

Acrylamide / bis-acrylamide 37.5:1 32
Tris-HCl 1.5 M pH 8.8
SDS 20% (w/v)
APS 10% (w/v)

166.8 mL
100.0 mL
4.0 mL

TEMED

2.0 mL
132.0 µL

ddH2O

129.2 mL

e. Image analysis with DeCyder 2-D Differential Analysis Software
The software consists of an automated image analysis software suite that enables the detection,
quantitation, matching, and study of gel spots used with Ettan DIGE system. The co-detection
algorithm in DeCyder 2-D software co-detects overlaid image pairs and produces identical spot
boundaries for each pair. This allows direct spot volume ratio measurements and therefore produces
an accurate comparison of every protein with its representative in-gel internal standard (Gorg, 2004).
In this case, difference protein expression was analysed with: i) p-value less than 0.05,
ii) difference of expression ratio higher than 2 and lower than -2, iii) at least appeared in 70% of gel
images, and iv) with a minimal volume higher than 4,000. False Discovery Rate (FDR) was applied.

43
Equilibration buffer: 2% (w/v) SDS; 50 mM Tris-HCl, pH 8.8; 6 M urea; 30% (v/v) glycerol; 0.002%
bromophenol blue.
44
Upper electrophoresis buffer: 8.5 g/L of Tris; 40.3 g/L of glycine; 2.8 g/L of SDS.
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f. Protein digestion and MALDI-ToF/ToF detection
Mass spectrometry is a technique for analyzing molecular weights based on the motion of ionized
samples in an electrical field. Briefly, to proceed with the identification of the proteins and the
analysis of the difference in protein expression, spots are picked and digested. The picked spots are
digested with trypsin, the resultant peptides are mixed with matrix (α-hydroxycinnamic acid), and
spotted onto MALDI-ToF MS well insert (Applied Biosystem) and analysed by MALDI-ToF/ToF (mod.
4800, Applied Biosystem) (Havliš et al., 2003).

Protocol development
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Pick the spots with a tip and place them into a microtube with 50 µL of ddH2O. Take special care
with keratin contaminations, which can mask the protein identification.
Replace the ddH2O with 50 µL of acetonitrile (ACN) and incubate in agitation at 25ᵒC and
1,400 rpm for 5 min. Remove the ACN and add 50 µL of ddH2O. Incubate in thermoblock at 21ᵒC
and 300 rpm for 10 min. Repeat three times the ACN-H2O wash-step.
Replace the ddH2O with 50 µL of ACN and incubate in thermoblock at 25ᵒC and 1,400 rpm for
5 min. Remove the ACN.
Dry the spots by speed-vac (30 min approx.).
Add 50 µL of 25 mM ammonium bicarbonate (AMBI) supplemented with 10 mM DTT. Incubate
the samples at 56ᵒC and 300 rpm for 30 min in thermoblock.
Replace the AMBI with 50 µL of ACN and incubate at RT for 1 min.
Remove the ACN and add 50 µL of 10 mg/mL iodoacetamide (IAM). Incubate 15 min at RT in the
dark.
Replace the IAM with 50 µL of ACN and incubate 5 min at RT. Remove the ACN.
Add 50 µL of AMBI and incubate 5 min at RT. Add 50 µL of ACN and incubate 15 min at RT.
Remove the supernatant.
Dry the spot by speed-vac (30 min approx.).
Add 5 µL of AMBI supplemented with 10 ng/µL trypsin (Promega) and incubate 45 min on ice.
Remove the supernatant and add 50 µL of AMBI.
Incubate at 37ᵒC at least 6 h (it could be O/N).
Transfer the supernatant to a new tube. The supernatant from the next extractions will be also
placed in this tube.
Add to the tube containing the spot, 0.5% trifluoroacetic acid (TFA) and 50% ACN and sonicate
10 min. Transfer the supernatant to the previous tube.
Add 10 µL of ACN to the tube containing the spot and incubate 10 min at RT and sonicate 5 min.
Transfer the supernatant to the previous tube.
Dry the tube with the three extraction supernatants by speed-vac (at least 2 h).
Resuspend the digested protein with 4 µL of 0.1% TFA and 50% ACN by sonication in a bath for
5 min.
Store samples at 4ᵒC until use.
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Spot 1 µL of the sample onto a MALDI-ToF well insert (Applied Biosystem). Let it dry. Spot 0.5 µL
of MALDI-ToF matrix (LaserBio Labs).

Samples were analysed with 4800 Proteomics Analyser (MALDI-ToF/ToF, AB Sciex). A 4700
Proteomics analyser calibration mixture (Cal Mix 5, AB Sciex) was used as external calibration. All MS
spectra were internally calibrated using peptides from the auto-digested trypsin. The analysis by
MALDI-ToF/ToF mass spectrometry produced peptide mass fingerprints (PMF), and the peptides
observed (up to 65 peptides per spot) were collected and represented as a list of monoisotopic
molecular weights with signal to noise (S/N) ratio > 20, using the 4000 Series Explorer V3.5.3
software (AB Sciex). All know contaminant ions (trypsine- and keratin-derived peptides) were
excluded from later MS/MS analyses. From each MS spectra, the 10 most intensive precursors with
an S/N > 20 were selected for MS/MS analyses with CID (atmospheric gas was used) in 2-kVion
reflector mode and precursor mass windows of ± 7 Da. For protein identification, Mascot Generic
Files combining MS (PMF) and tandem MS (MS/MS) spectra were automatically created and used to
query a non-redundant protein database using a local license of Mascot v 2.2 from Matrix Science
through the Global Protein Server v 3.6 (Applied Biosystems). Search parameters for peptide mass
fingerprints and tandem MS spectra obtained were as follows: i) Uniprot γ-proteobacteria (date
2021.03.07), A. thiooxidans SOB3 FASTA proteome sequence and every Acidithiobacillus strain
FASTA proteome sequences (date 2021.03.12) were used as database (950,740 sequences,
311,457,478 residues); ii) fixed and variable modifications were considered (Cys as
S-carbami-domethyl derivative and Met as oxidized methionine); iii) one missed cleavage site was
allowed; iv) precursor tolerance was 150 ppm and MS/MS fragment tolerance was 0.3 Da; v) peptide
charge: 1+; vi) the algorithm was set to use trypsin as the enzyme (García-Calvo et al., 2018).

3.

Results and discussion

3.1. A. thiooxidans growth determination by qPCR
The first problem that can be found when working with A. thiooxidans is the difficulty in
effectively determining its growth. Despite some manuscripts have described the measure of
Acidithiobacillus growth by optical density (OD) (X. Li et al., 2014; Nguyen et al., 2016), or with an
haemocytometer (Méndez-Tovar et al., 2019; Negishi et al., 2005), in our hands it was impossible to
obtain a real growth curve following these methods.
Thus, it has been described that the absorbance of an A. thiooxidans curve range from 0.05 to
0.1, reaching maximum absorbance around 10 - 15 days, during the stationary phase when they have
up to 108 cells/mL of concentration (Konishi et al., 1995). Nevertheless, other groups claim that
elemental sulphur presence in the media misrepresent the measures. In our culture conditions, the
cultures showed absorbances from 0.02 to 0.05, with high deviations.
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So, another option is to use a cell counter cytometer with a Live/Death marker (Camacho et al.,
2020). According Camacho’s group, stationary phase is reached after 4 - 5 days into minimal medium
supplemented with elemental sulphur. Nevertheless, this method was not an option for us, since we
did not have the needed equipment.
On the other hand, there is another group that have used an haemocytometer under the phasecontrast microscope, getting higher magnification with fixed cells (Naseri et al., 2019). Any case,
again, this was not an option for us.




However, when the growth curve is made with culture samples, A. thiooxidans cells could have
more than one copy of the sequence of study. Then, once the initial number of copies of the target
sequence is determined, it must be divided among the copies of each cell to determine the initial
number of cells in the sample.
In this case, 16S rRNA gene was selected as target gene, and its number of copies was determined
by Southern Blotting (data not shown), and by genome sequencing (see section 3.2, Figure 29). In
both cases, the copy number was two.

3.1.1. Standard curve
A calibration curve from 2.5 fg to 25 ng was first performed by relating DNA template
concentration to signal emitted (CT). Thus, the standard curve of DNA will allow us to convert the
cycle threshold (Ct) values into amount of DNA using the linear regression equation
y = - 3.173x + 35.26, where “x” is the logarithm of the DNA quantity (fg) and “y” is Ct value. The
regression coefficient obtained was R2 = 0.993, and the amplification efficiency was 106.6%
(Figure 23). Next, the amount of DNA in the unknown sample (fg) is split into the number of copies
of the 16S rRNA gene that exists in the initial sample.

83

Chapter 2

Other of the most common options, is the ufc count on agar plates. However, it was impossible
to reach a real curve from liquid cultures, since inconsistent results were found: i) no correct relation
between the dilutions, and ii) huge differences between concentrations estimated in days in a row.
As a result, it is not surprising that some of the authors working with A. thiooxidans does not quantify
its growth (Calle-Castañeda et al., 2018b). Nevertheless, it is important to know how A. thiooxidans
grows for performing any molecular study. Thus, a growth curve was carried out by using q-PCR.
q-PCR is a method to measure the amplification of a target sequence, through a standard curve
previously made with a sample of known concentration of this target sequence. The standard curve
is made by relating the Ct to the number of copies of the amplified sequence, by using the following
formula:
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Ct (dR)

Log fit values
SYBR Standards, RSq:0.993
SYBR, y =-3.173 · log (x) + 35.26, Eff = 106.6%
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Figure 23. Standard curve for DNA quantity (femtograms) related with Ct from RT-PCR.

3.1.2. A. thiooxidans growth curve
To transform the CT from the qPCR to number of cells, the number of copies obtained by
amplification were divided by two. With the results obtained, the graph of the Figure 24 was
sketched.
It could be observed a faster growth than those determined by spectrophotometry (Nguyen et
al., 2016), reaching the stationary phase after 3 - 4 days in every flask instead of 12 – 14 days, with
more than 107 cells/mL on average (Figure 24). This may be due to the low absorbance of
A. thiooxidans cells, since there was hardly any turbidity when growing in AT medium. In addition, a
sudden pH decrease was observed during the first 3 days of incubation, and then it was maintained
over time with small variations, staying close to 1.5 during the whole fermentation.
In 1995, the way to grow of A. thiooxidans was described for the first time, showing that it grows
by alternating a cycle of growth in suspension, and then on the surface of sulphur particles present
in the medium. In addition, the growth curve was described using a hemocytometer for the free cells
in suspension and the cells on the surface. However, in that case, an exponential phase of growth
that lasted until day 14 of culture was observed, while in our case, the cells in suspension had
reached the stationary phase after 3 days (Figure 24). In both cases, the maximum growth obtained
was closed to 108 cells/mL (Konishi et al., 1995).
In order to determine the optimum conditions for the analysis of A. thiooxidans proteome
under extreme acid growth conditions, we analysed the growth kinetic with different
concentrations of S. We also tested the effect of the concentration of the initial inoculum, and the
growth kinetic in 10 L of AT media.
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A. thiooxidans growth curve
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a.

Minimum sulphur concentration

A. thiooxidans uses elemental sulphur and other RISCs as sulphur source for growth.
Nevertheless, most of the described media are supplemented with elemental sulphur or sodium
thiosulphate, which are insoluble and soluble in water, respectively. The main problem with S could
be found during the protein extraction by mechanical processes, because A. thiooxidans grows over
the sulphur particles surface. Thus, sulphur could prevent that glass bead crash with cells to disrupt
them. However, at a pH lower than 4.0, thiosulphate is discomposed to sulphite and colloidal sulphur,
that cannot be used by Acidithiobacillus spp. (Wang et al., 2019). Thus, it could not be used as S
source in the proteomic analysis, since most of the pH analysed were below 3.0.
Therefore, to avoid problems with sulphur during future steps of the protein extraction, it was
determined the minimal sulphur concentration needed for the process. So, A. thiooxidans was grown
into 200 mL of AT medium at initial pH 3.0, at 30ᵒC and 200 rpm for 8 days supplemented with
different concentrations of elemental sulphur: 1%, 0.5%, 0.25% and 0.1%.
It could be observed that the growth was uniform for the first 2-3 days (Figure 25). After this
period, the growth of samples supplemented with 0.25% sulphur sharply decreased. Nevertheless,
for 0.1% sulphur samples, growth continued increasing until day 5, and started to hardly decrease
afterwards. Every condition reached a final pH close to 1.5 (data not showed).
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Figure 24. Growth curve for A. thiooxidans in AT medium at 30ᵒC and 200 rpm for 11 days by qPCR determination. On the
secondary axis it can be observed the pH of the supernatant during the whole fermentation. Data shown (with SD) are the
average of three independent experiments.
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To analyse the effect of an extremely acid or neutral pH in the proteome expression of
A. thiooxidans, it is very important to take the samples during the mid-exponential growth phase.
Thus, it was important to reach an enough number of cells with the minimum S as possible. This
optimum point in A. thiooxidans growth is after 72 h of incubation in AT medium pH 3.0
supplemented with 0.1% sulphur.

Minimum sulphur concentration determination

1.0E+08

(cells/mL)

1.0E+07
0.1% S
0.25% S
1.0E+06

0.5% S
1% S

1.0E+05

1.0E+04
0

2

4

6

8

Days
Figure 25. Growth curve of A. thiooxidans in AT medium supplemented with elemental sulphur (S) at different
concentrations (w/v): 0.1%, 0.25%, 0.5% and 1%. Fermentations were carried out at 30ᵒC and 200 rpm for 8 days and
A. thiooxidans growth was determined by qPCR analysis. Data shown (with SD) are the average of three independent
experiments.

b.

Minimum inoculum concentration

Another important point to keep in mind when analysing a bacterial proteome is the protocol for
sample collection. Thus, to compare the effect of pH in the bacterial cultures is important to analyse
the cells in the mid-exponential growth phase, to avoid the cellular lysis, which is so common once
the culture reach the stationary phase. In that case, an intracellular protein could be located in the
secretome sample, causing a misinterpretation of the results.
Thus, in an attempt to reach a longer exponential growth phase, to assure that samples were
taken during the mid-exponential growth phase, but the culture were grown as much as possible,
we analysed the growth curve with different initial amounts of inoculum. So, 500-mL Erlenmeyer
flasks containing 200 mL of AT medium at initial pH 3.0, and supplemented with 0.1% elemental
sulphur, were inoculated with 1 mL, 500 µL or 250 µL of a 7-days pre-grown culture of A. thiooxidans.
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It could be observed that stationary phase was reached at day 4 when inoculated at 1%, and at
day 5 for 0.25% (v/v) (Figure 26). These results suggested that the best condition for the final assay
was to inoculate at 0.25% and incubate at 30ᵒC and 200 rpm for 72 - 96 h.
Minimum inoculum concentration determination
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Figure 26. Growth curve for A. thiooxidans in AT medium supplemented with 0.1% (w/v) elemental S and inoculated with
different initial concentration of inoculum (v/v): 1%, 0.5% and 0.25%. Fermentations were carried out at 30ᵒC and 200 rpm
for 8 days. A. thiooxidans growth was determined by qPCR analysis. Data shown (with SD) are the average of three
independent experiments.

c.

Final growth curve

In the light of the result obtained, the final growth curve for A. thiooxidans was analysed in 10 L
of AT medium supplemented with 0.1% (w/v) elemental sulphur and inoculated at 0.25% (v/v). Again,
it could be observed that the exponential phase finished between days 3 and 4 (Figure 27). Thus, it
could be better to take the sample before finish the 72 first hours, to assure the samples were in the
exponential phase. The pH in that moment would be between 2 and 3. Thus, the control pH selected
for the assay was 3.0 (the same as the initial pH for the fermentation, since it can be observed that
A. thiooxidans could grow at that pH at a good rate).
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Final A. thiooxidans growth curve
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Figure 27. Growth curve for A. thiooxidans in 10 L of AT medium supplemented with 0.1% (w/v) elemental S, inoculated at
0.25% (v/v) and incubated at 30ᵒC and 200 rpm for 8 days. A. thiooxidans growth was determined by qPCR analysis. On the
secondary shaft it can be observed the pH of the supernatant during the whole fermentation. Data shown (with SD) are the
average of three independent experiments.

3.2. A. thiooxidans SOB3 genome analysis
In order to get the maximum information possible for the further proteomic analysis, we decided
to sequence the genome of A. thiooxidans SOB3 strain.
The genome size of A. thiooxidans SOB3 strain is 3,239,842 bp with a GC content of 52.92%.
Moreover, it contained 18 tRNAs, 6 rRNAs and 3300 CDS, but 1525 of these were described as
hypothetical proteins (46.21% of the total genome) (Figure 29). These results were in accordance
with other A. thiooxidans genome analysis, as those obtained for the strains A01, ATCC 19377 and
ZBY (Travisany et al., 2014; X. Zhang et al., 2018). Thus, after the RAST analysis, 1108 proteins were
classified by the subsystem category distribution (Figure 28), and the other 2192 proteins could not
be classified. Functional classification by subsystem database revealed the predominance of protein
metabolism subsystem (14.29%), followed by amino acids and derivatives (12.45%), respiration
(10.62%) and DNA metabolism (9.34%). It is interesting to remark that no known gene could be
included into the acid stress subsystem, even when survival at extreme acid environment is one of
the most important skills in this strain. A total of 12 genes which could be related with sulphur
oxidation (the ones from the sox cluster) were detected.
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It was not strange to get these results, since up to 13 different genome sequences are deposited
in databases (date 2021.03.12) [3 of them are from the same strain (A. thiooxidans ATCC 19377)],
with different assembly levels (NCBI). Besides, just one of the 13 genomes (ATCC 19377 strain) is
complete, and even this one shows almost 50% of the detected CDS annotated as hypothetical
proteins.
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Figure 28. Distribution of functional categories for subsystem database in A. thiooxidans SOB3 strain. Each slice represents
the percentage of genes that match into a particular category. Hypothetical proteins represent 46.21% of the total amount
of proteins, and they are not represented on the graph.
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A. thiooxidans SOB3
3,239,842 bp

Figure 29. Circular map of the A. thiooxidans SOB3 genome: 3,239,842 bp with 3300 CDS. Marked characteristics are shown
from outside to the centre: CDS on forward strands (blue), CDS on reverse strand (blue), tRNA (green), rRNA (two copies of
rRNA genes: 16S, 23S and 5S; red colour), GC content and GC skew.
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3.3. A. thiooxidans protein extraction optimization
In order to fully analyse intracellular proteins, the cells must be effectively disrupted. There are
numerous mechanical and chemical lysing methods that can be applied. However, and due to the
extreme conditions to grow, it should be considered the use of vigorous breaking procedures, such
as sonication or glass bead homogenization. Nevertheless, as described above, A. thiooxidans grows
on the sulphur particles surface. Thus, it is important to keep in mind that glass bead extraction could
not work in sulphur presence, since sulphur particles could prevent bead crash with the cells. On the
other hand, to remove the sulphur could go hand in hand with cell removing.
Thus, three different protocols were analysed: sonication, glass beads after filtering through
paper filter, and glass beads without filtration. In all cases, 200 mL of AT liquid medium were
inoculated with 3 mL of a 7-days seed culture and incubated at 30ᵒC and 200 rpm for 72 h. Two flasks
were filter through sterile paper filter and the rest flasks were untreated. Then, sonication and glass
beads breaking protocols were carried out, and protein extracts were visualized in a 1D acrylamide
gel.

As it can be deduced from Figure 30 (lanes 5 and 6), sonication was not an effective method for
A. thiooxidans protein extraction, since a very small amount of proteins could be detected in the gel.
On the other hand, the breaking with glass beads and the FastPrep apparatus showed clean samples
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Figure 30. 1D SDS-PAGE gel with 10 µL of each sample of protein extracted from optimization (left to right): two replicates
from filtered and glass beads extraction samples (lanes 1 and 2), protein ladder (M) (Precision Plus Protein Standards, BioRad), two replicates from glass beads extraction (lanes 3 and 4) and two replicates from sonication extraction (lanes 5 and
6).
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Under normal conditions, 20 µg of total protein can be easily visualized in a 1D SDS-PAGE. It
allows us to analyse, not only the quantity and quality of the protein extraction protocol, but the
accuracy of its quantification. However, the visual quantification of the protein concentration
showed that the volume needed to run 20 µg of total protein in the 1D SDS-PAGE was higher than
the maximum volume of the gel wells. Thus, 10 µL of each sample were run in the gel (Figure 30).
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without degradation (no smear appeared in the gel) (lanes 1 to 4) and good extraction (enough
amount of sample with uniform band distribution). Nevertheless, the quantification by Bradford
method showed that a lower amount of proteins had been extracted after filtration through the
filter paper (as it ca be notice in lanes 1 and 2). Thus, the best method for the protein extraction
was the cell breaking using FastPrep with beads without previous filtration.

3.4. Determination of the conditions for the 2D DIGE proteome analysis
A. thiooxidans has a growth pH range between 0.5 and 5.5, with an optimum pH range of 2.0-3.0
(Garrity et al., 2005b). Thus, the control pH condition for the proteome analysis should be 3.0, and
pHs close to 0.5 (such as 0.5, 0.7 or even 1.5) should be analysed as stress in acid pH. On the other
hand, pHs close to 5.5 (such as 5.5 and 6.0) should be analysed as “alkaline” stress for A. thiooxidans.
Initially, optimum pHs and sample collection time for the 2-D proteome analysis of A. thiooxidans
under acid and “alkaline” stress conditions were analysed. In second place, it was optimized the best
range of pH for the 2D acrylamide gel electrophoresis before the DIGE analysis, to reach the
maximum protein separation.

3.4.1. Stress detection by gene differential expression using RT-PCR
In order to determine the optimum pH and time conditions for the sampling, a RT-PCR was
carried out, analysing the differential expression of four well-known genes related with stress: groEL,
dnaJ, dnaK and rpoH. A fifth gene was used as reference gene: sdoA. This gene encodes for the
sulphur dioxygenase enzyme, involved in the sulphur metabolism of A. thiooxidans, and it is essential
for the microorganism (Jing Zhang et al., 2020).
The first three genes (groEL, dnaJ and dnaK) are well-known chaperones from the called
heat-shock proteins (Hsps), whose function is to protect proteins against protein aggregation,
related with protein folding in adaptive cellular response to many stress conditions. On the other
hand, rpoH gene encodes the σ32 factor, which is involved in the regulation of the expression of
heat-shock and other stresses genes (Roncarati & Scarlato, 2017).
Nevertheless, none of these genes was up-regulated under acid stress conditions (Table 11). A
small over expression of rpoH at pH 1.5 after 30 min of incubation could be observed, but its
expression decreased to normal levels after 60 min of incubation (Table 11). A similar pattern was
observed for the pH 1.5 condition, since a down-regulation could be observed at 30 min of incubation,
but the expression increased to normal levels after 60 min of incubation (Table 11).
It was especially interesting to observe that the expression of the four genes decreased to
undetectable levels for the pH 0.5 condition after 60 min of incubation. Cell lysis was not observed
under the microscope, although cell mobility was reduced. Thus, it was decided that pH 0.5 could be
too harsh for the cells, and pH 0.7 would be assayed for the 1D acrylamide gel analysis.
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Table 11. Relative transcript levels of the selected genes, which were determined by RT-PCR using sdoA as reference gene.
Samples were recovered at 30 and 60 min of incubation at pH 0.5, 1.5, 3.0 (control condition), 5.5 and 6.0. Data shown
represent the average (with SD) from three independent experiments. The analysed genes were considered significantly upor down-regulated when changes in their expression were higher than 2 or lower than 0.5, respectively.

Time

30 min

60 min

pH

2-∆∆Ct
groEL

dnaJ

rpoH

dnaK

0,5

0,00 ± 0.01

0,31 ± 0.52

No Ct

No Ct

1,5

0,00 ± 0.00

0,00 ± 0.00

2,09 ± 4.46

No Ct

3

1,00 ± 0.00

1,00 ± 0.00

1,00 ± 0.00

1,00 ± 0.00

5,5

0,50 ± 0.063

0,41 ± 0.02

0,18 ± 0.00

0,37 ± 0.01

6

0,52 ± 0.09

0,78 ± 0.05

0,48 ± 0.09

0,60 ± 0.08

0,5

No Ct

No Ct

No Ct

No Ct

1,5

0,00 ± 0.05

0,71 ± 0.51

0,94 ± 1.00

No Ct

3

1,00 ± 0.00

1,00 ± 0.00

1,00 ± 0.00

1,00 ± 0.00

5,5

1,59 ± 0.45

1,67 ± 1.09

1.26 ± 1.14

0,23 ± 0.01

6

0,92 ± 0.43

2,34 ± 1.34

4.70 ± 2.93

0,54 ± 0.06

3.4.2. 1D: SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis)
Two of the main uses of one-dimensional protein gels are: i) to confirm that the quantification
by the Bradford method is real and has not been biased by pigments or other compounds present in
the medium, and, ii) to verify the integrity of the extracted proteins (a smear along the gel should
not be observed).
Thus, in the view of the previous results, a first 1D assay was carried out to determine the
optimum time for sample collection. Three different times of incubation were analysed for pH 6.0,
which was the pH that showed the lowest differential expression in the RT-PCR assay: 1.5 h, 3.0 h
and 7.0 h. The gel showed changes in protein quantity, but not in the bands pattern, so no difference
expression could be observed between these three times of incubation at pH 6.0 in a 1D SDS-PAGE
assay (Figure 31). However, changes were observed in the analysis of differential expression by
RT-PCR after 60 min of incubation. For this reason, it was decided to carry out the definitive assay
after 1.5 h of incubation.
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Besides, an up-regulation of dnaJ and rpoH genes was observed after 60 min of incubation. Thus,
if mRNA expression was detected after 60 min of incubation, at least 1.5 h could be necessary to
observe differential expression in the proteome.
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Therefore, six different conditions of pH were tested in a 1D acrylamide gel: 0.5, 0.7, 1.0,1.3, 3.0
and 6.0 after 1.5 h of incubation. First of all, the analysis of the gels indicated that the quantification
carried out was correct (Figure 31). The protein quantification showed that the samples
corresponding to pH 0.5, 1.0 and 1.3 were much less concentrated than the rest. For this reason, and
for these samples, 20 µg of total protein could not be loaded into the wells, and 10 µL of sample
were loaded instead. On the contrary, the samples corresponding to pH 0.7, 3.0 and 6.0 were loaded
with 20 ug of total protein as usual. Second, we observed that the samples were not degraded after
pH 0.5
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Figure 31. (a) 1D Acrylamide gels with 10 µL of each sample of protein extraction from samples incubated 1.5 h at pHs: 0.5,
1.0 and 1.3 (left to right) with five replicates of each pH condition. (b) 1D Acrylamide gels with 20 µg of extracted protein
from samples incubated 1.5 h at pHs: 0.7, 3.0 and 6.0 (left to right) with five replicates of each pH condition. 5 µL of Precision
Plus Protein Standards (Bio-Rad) were used as standard.
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extraction. However, we could observe that the samples corresponding to pH 0.5, 1.0 and 1.3
showed a low protein concentration and besides exhibited a biased pattern: some protein bands
were much more concentrated than in the rest of the samples. This may be due to the fact that in
excessively acidic pH environments, the cellular breakdown undergoes some type of alteration and
not all the proteins are equally extracted. It is also possible that some proteins are degraded under
these conditions. Nevertheless, samples corresponding to pH 0.7 were properly extracted (good
concentration and numerous bands). In conclusion, pHs 0.7, 3.0 and 6.0 were chosen for the final
A. thiooxidans proteome analysis.

3.4.3. 2-D electrophoresis optimization
The main objective of a DIGE analysis is the detection of individual proteins that show differential
expression under different conditions. For this reason, it is essential to find the right conditions in
which the protein spots exhibit a good physical separation in the gel that allow their optimal
resolution.
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Figure 32. Effect of IEF pH range on 2D resolution gels for A. thiooxidans cytoplasmatic proteins. 80 µg of protein extracted
from flasks inoculated with A. thiooxidans in AT medium at pH 6.0, incubated at 30ᵒC and 200 rpm for 1.5 h, focused on a
7 cm Immobiline DryStrip pH 4 - 7 NL and 3 - 10 NL (left to right).
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For this reason, we analysed two different ranges of pH gradients for the IEF: 3-10 and 4-7.
Precipitated proteins were found at pH 7.0 in the pH range 4-7, because they had not reached their
real pI, and they were accumulated at the right end of the gel (Figure 32). Thus, to our purposes, the
optimum condition would be the non-linear pH range 3-10. Besides, the same optimum pH range
had been previously observed for the A. ferrooxidans proteome analysis (Chi et al., 2007).
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3.5. 2-D DIGE analysis
A proteomic approach was used to reinforce our knowledge of the growth of A. thiooxidans SOB3
under extreme acid stress. It conditions had been previously studied the response of Acidithiobacillus
strains to pH stress on cytoplasmic membrane composition (Mykytczuk et al., 2010, 2011).
Nevertheless, the interest on the proteome and transcriptomic analysis of this kind of microorganism
is very recent (Bellenberg et al., 2019; Yin et al., 2019).
In our case, 573 proteins showed differential expression between pH 0.7 vs 3.0 and 0.7 vs 6.0,
but just 201 were really picked from the gel, since the rest of them were poorly visualized after
Coomasie staining (Figures 33 and 34). It could seem a huge expression difference for a DIGE analysis,
but keep up with the A. thiooxidans CCTCC M 2012104 transcriptome analysis between pH 1.6 and
0.8 conditions, that detected 630 differentially expressed genes (Yin et al., 2019).
After trypsin digestion, all of the 201 proteins were analysed with a database created after merge
ƴ-proteobacteria database from Uniprot (https://www.uniprot.org) with the proteins from
A. thiooxidans SOB3 genome and all the Acidithiobacillus strains with an annotated genome from
NCBI database (date 2021.03.12). To reach a better identification, keratins were identified with the
NCBI database. In addition, the peptide tolerance values were increased (the error window for the
ionic mass values of the MS / MS fragment) trying to identify the proteins by similarity with the
proteomes of other strains. Besides, a new database was created with every ORF from A. thiooxidans
SOB3 genome by RanSEPS software. A total of 170,197 ORFs were created from both DNA strands
and the three-reading frame of each one. Finally, those non-confirmed proteins after Mascot
database search were trying to identify by de novo sequencing and BLAST similarity search, following
the procedure described by Liska and Shevchenko (2003). All MS/MS spectra for a sample were
sequenced de novo using ProBLAST software (Applied Biosystems). The best fragmented ions were
manually selected and the top six candidate peptide sequences for each MS/MS were combined into
a single text-format search string by means of the DeNovo Explorer software (Version 3.6) included
in GPS Explorer Software (Applied Biosystems). This search string was used for similarity searches
using the BLASTP algorithm against an in-house protein sequence database containing the database
created before under the following parameters: i) fixed modifications: Cys as S carbamidomethyl
derivative; ii) mass tolerance: 0.3 Da iii) E-value threshold: 20; iv) scoring matrix: PAM30MS; v)
algorithm enzyme: trypsin. Protein identification significance was judged using the BLASTP scoring
algorithm. Only those proteins matched by a minimum of two peptide sequences with a score higher
than 52 according to DeNovo Explorer software were included in the results list, providing more
stringent criteria for the identification (Cobos et al., 2010). After all these processing, 53 digested
proteins were identified, showing 38 different identifications (Table 12).
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Figure 33. Mix of A. thiooxidans SOB3 intracellular proteome incubated at pH 0.7 + pH 3.0, stained with Coomasie after DIGE
analysis. A total of 573 protein spots were visualized in a 3.0 – 10.0 pH range, 201 of which showed differential expression
between conditions and were successfully localized and extracted from the gel. Molecular weights are marked on the left and
the assigned numbers correspond to those proteins identified in Table 12.
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Figure 34. Mix of A. thiooxidans SOB3 intracellular proteome incubated at pH 6.0 + pH 3.0, stained with Coomasie
after DIGE analysis. A total of 573 protein spots were visualized in a 3.0 – 10.0 pH range, 201 of which showed
differential expression between conditions and were successfully localized and extracted from the gel. The assigned
numbers correspond to those proteins identified in Table 12.
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Some of the identified down-regulated proteins are involved in central carbon metabolism and CO2
fixation. The fixation of CO2 is closely related to the central carbon metabolism in chemoautotroph
bacteria, since they use it as carbon source for cell growth. Thus, the carbon-fixing keys enzymes
carboxysome shell protein and ribulose-1,5-bisphosphate carboxylase (Rubisco) were detected in
this study. Both are involved in the Calvin cycle for the CO2 fixation. Also were down-regulated some
enzymes from the pentose phosphate pathway and glycolysis, such as the enolase, the
Fructose-1,6-bisphosphatase, and the Ribulose-phosphate-3-epimerase (Figure 35).
Also, the energy metabolism was down-regulated at extreme acid conditions. Thus, the sulphur
oxidation protein SoxB (from the sox gene family) was down-regulated. This enzyme is related with
the sulphur metabolism in chemolithotrophs, since is a thiosulfohydrolase involved in the step of the
oxidation of the thiosulphate (Wang et al., 2019).
Moreover, the nitrogen fixation pathway could be also down-regulated, since the enzyme glutamate
synthase was detected in the analysis. This enzyme is involved in the fixation of NH4+ in a glutamate
molecule, producing glutamine, which is also related with the antioxidant system.

On the other hand, the sliding clamp protein is a ring-shaped protein that encircles duplex DNA,
binds to the DNA polymerase and tethers it to the DNA template, preventing its dissociation, and
providing high processivity. This protein also plays an essential role in DNA repair, being crucial for
cell viability, specially under stress conditions, when they play also a role in the repair of damaged
DNA (Altieri & Kelman, 2018). In our study, this protein was down-regulated under extreme acid
conditions.
Finally, the L7/L12 ribosomal protein (located in the 50S ribosomal subunit) was also
down-regulated, which could mean that the protein biosynthesis levels should be lower under
extreme conditions. Same result was also found in A. ferrooxidans under osmotic stress (Dopson et
al., 2017).
On the contrary, just nine of the identified proteins were up-regulated, six of which were defined
as hypothetical proteins. One of the known proteins was the putative parvulin-type peptidyl-prolyl
cis-trans, another chaperone related with folding catalysts. This could mean that the most known
chaperones act in normal acid conditions (pH 3.0), while more unknown chaperones start to work in
special acid conditions.

99

Chapter 2

So, in the same way, it was observed that the synthesis of some chaperones, like Clp or GroEL, was
down-regulated at pH 0.7. Clp is another Hsps chaperone related with protein folding in adaptive
cellular response to many stress conditions. Both molecular chaperones have been related with the
adaptative defensive mechanisms of bioleaching microorganisms under extremely acid stress. This
is in the line of the RT-PCR, that showed a down-regulation of the other chaperones analysed: DnaK
and DnaJ. Thus, clp, dnaK, dnaJ and groEL genes are down-regulated under extreme acid pH
conditions.

Figure 35. Model of A. thiooxidans metabolism and enzymes down- or up-regulated at extreme low pH conditions. Enzymes identified in the proteome analysis are
represented in their respectively metabolic pathway in purple colour.
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Finally, the FadL protein, which is a long-chain fatty acid transporter, involved in the
translocation of long-chain acids across the outer membrane, was also up-regulated at pH 0.7. The
last identified protein up-regulated was ArfA, a peptidoglycan-binding protein, which has been
related with the ammonia secretion in other strains, to neutralize the pH of the medium in acid
environments (Guan & Liu, 2020; Song et al., 2011; Yao et al., 2012). Thus, two typical mechanisms
related with survival in extreme acid environments would had been detected. It has been reported
the changes in cell membrane fatty acids in A. thiooxidans during extreme acid conditions, with an
increase in the unsaturated acid composition, specially the cyclopropane (C19-cyc) (Yin et al., 2019).
The ammonia biosynthesis has also been identified as a target of pH stress by Yin et al. (2019) in a
transcriptomic analysis incubating A. thiooxidans under pH 0.8. Thus, L-glutamine can convert to
L-glutamic acid and release ammonia, an alkaline substance which is secreted to the acid
environment.

Nevertheless, it is difficult to explain what is happening inside A. thiooxidans cells under
extremely acid environments, since most of the proteins could not be identified and specially those
up-regulated at pH 0.7. Thus, even when the spectra of some proteins show good quantity and
quality (Figure 36) they couldn’t be identified in A. thiooxidans SOB3 proteome. This result reflects
the problems when working with these strains and all what is unknown about them.
However, rather than actually identify the differential expression of some proteins between
different condition, this assay allowed us to verify genome sequencing quality and compare with a
reference genome as A. thiooxidans ATCC 19377. Thus, it would be interesting to analyse
hypothetical proteins that we could find in A. thiooxidans SOB3 genome that could not be
identified in the ATCC19377 genome (like number 2858), or vice versa (such as number 1154).
Besides, this assay enabled us to detect one-off changes in the sequence (due to sequencing
errors or due to mutations) by proteogenomics (Figure 37). Proteogenomics has recently emerged
as a powerful technique to enhance our ability to annotate protein-coding genes. It is based on the
fact that the identified peptides can provide evidence for genetic alterations, transcriptomic
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In conclusion, central energetic metabolism is severely restricted in A. thiooxidans under
extreme pH conditions as those in pH 0.7. It has been reported that A. ferrooxidans growth is
stopped at pHs under 1.0, which seems that at pH values below optimal, the pH gradient and the
membrane potential necessary for maintained proton motive force, becomes inoperable for the
bacteria, and the metabolic activity decreases. In that case, A. ferrooxidans shows a greater stress
under extreme acid environments than under more alkaline conditions (Mykytczuk et al., 2010).
Same results could be observed in this study with A. thiooxidans, since no expression differences
could be found between pH 3.0 and pH 6.0 conditions. It has even been described a drop in the
growth at pH under 1.0 in A. thiooxidans, that could be related with this stop in the whole
metabolism (Feng et al., 2015). Besides, it was observed by transmission electron microscopy that,
at pHs under 1.0, the capsule from A. thiooxidans begin to fade (Feng et al., 2015). So, it could be
concluded that the extreme acid stress could became an unbearable threat to cell survival.

Molecular study of Acidithiobacillus thiooxidans SOB3

alterations or helping to identify novel transcripts (Qin et al., 2021; Srivastava et al., 2019). In our
case, numerous proteins showed some amino acid change in the protein sequence (for example
proteins like numbers 923, 1804, or 2122, among others). Thus, a change in the sequence can cause
that some peptide could not match in the sequence, decreasing the score and the coverage of the
results. In addition, the mass of the protein can also be modified, without cutting the total length of
the sequence. In this case, the numerous differences found when comparing both sequences is likely
to correspond to real differences in the proteins, probably because of mutation over time. It has
been reported that Acidithiobacillus strains could vary in phenotypic properties and cognate genetic
traits due to their ecological niches. Thus, it is possible that all these differences in the protein
sequences may be due to the evolution in different environmental conditions.

4700 Reflector Spec #1 MC=>BC) =>BC [BP = 13230.8, 20081]

% Intensity

2.0 E+4

Mass (m/z)
Figure 36. MALDI-ToF mass spectra of the picked and digested spot 1473. The absolute and percentage intensity of the ions
are shown on the y axis, and the mass/charge ratios (m/z) of the ions are shown on the x axis.
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A. thiooxidans ATCC 19377

A. thiooxidans SOB3
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Figure 37. Difference in the amino acid sequence of the adenosine kinase protein (number 1340) between A. thiooxidans
ATCC19377 and A. thiooxidans SOB3. Matched peptides are shown in brown. Different amino acid between both sequences
is shown in a black circle. The change of just one amino acid in the sequence makes one peptide match or not in the protein.

Table 12. List of cytoplasmic proteins picked and digested with trypsin in the A. thiooxidans proteome analysis under extreme acid and neutral pH conditions. Spot proteins are
numbered on the figures 33 and 34. Experimental isoelectric point (pI) and molecular weight (Mw); the up- or down-regulation ratios in pH 0.7 vs 3.0, and pH 0.7 vs 6.0 conditions;
the COG and KEGG numbers; and the functional classification by COG system are indicated. Those proteins up-regulated at pH 0.7 are highlighted in pink colour.
Master No.

pI

Mw (kDa)

0.7/3.0 Av.
Ratio

0.7/6.0 Av.
Ratio

660

5.24

71.49

-36.12

-32.31

60 kDa chaperonin

COG0459

K04077

O

668

5.14

71.49

-37.9

-27.45

60 kDa chaperonin

COG0459

K04077

O

681

5.19

71.06

-44.84

-35.13

60 kDa chaperonin

COG0459

K04077

O

750

6.18

67.24

-2.58

-3.07

Mannosylglucosyl-3-phosphoglycerate phosphatase

COG0737

K17224

F

813

5.49

61.36

-26.52

-38.25

ATP synthase subunit α

COG0056

K02111

C

822

5.02

61.07

-17.07

-19.51

Ribulose bisphosphate carboxylase large chain

COG1850

K01601

G

873

5.08

57.17

-43.22

-43.35

ATP synthase subunit beta

COG0055

K02112

C

874

5.21

57.57

-35.22

-33.67

Ribulose bisphosphate carboxylase large chain

COG1850

K01601

G

879

4.97

57.03

-21.63

-22.83

ATP synthase subunit beta

COG0055

K02112

C

880

5.25

57.03

-30.3

-31.65

Ribulose bisphosphate carboxylase large chain

COG1850

K01601

G

884

5.15

57.03

-63.29

-67.79

Ribulose bisphosphate carboxylase large chain

COG1850

K01601

G

885

5.36

56.64

-33.55

-36.18

Glutamate synthase [NADPH] small chain

COG0493

K00266

E

923

4.63

54.46

-38.37

-40.79

Enolase

COG0148

K01689

G

962

5.57

53.61

-24.57

-16.46

Glycerol kinase

COG0554

K00864

C

963

6.06

53.61

-13.55

-12.8

soxB

COG0737

K17224

F

964

6.11

53.73

-8.16

-7.66

Dihydrolipoyl dehydrogenase

COG1249

-

C

971

6.22

53.37

-22.01

-21.28

soxB

COG0737

K17224

F

974

5.23

53.49

-6.94

-6.62

Metalloprotease TldD

COG0312

K03568

S

1007

5.23

50.73

-4.79

-5.68

Beta sliding clamp

COG0592

K03629

L

1009

5.41

50.63

-4.15

-5.09

Beta sliding clamp

COG0592

K03629

L

1011

5.33

50.63

-11.59

-10.34

Beta sliding clamp

COG0592

K03629

L

1075

5.36

46.95

-5.77

-4.67

S-adenosylmethionine synthase

COG0192

K00789

H

Description

COG No.

KEGG No.

EggNOG_Category

Table 12. (Continued)
Spot
1131
1154
1172
1207
1218
1234
1238

pI
5.89
5.13
5.43
5.41
5.76
5.05
5.14

Mw (kDa)
44.377
43.768
43.715
42.534
42.489
42.005
41.92

0.7/3.0 Av. Ratio
-2.05
-3.39
1.98
3.04
-2.27
-5.12
-3.57

0,7/6,0 Av. Ratio
-2.07
-2.71
2.11
3.31
-1.74
-4.66
-2.89

1280

5.06

41.151

-9.53

-11.35

1316
1340

4.43
5.47

39.966
39.68

-16.01
-6.58

-16.52
-5.08

1370

6.42

39.251

-28.15

-26.52

1412

6.64

38.414

-6.75

-7.55

1804

5.53

28.495

-2.29

-2.25

1817

7.44

28.38

13.16

9.65

1981
2005

10.06
5.68

25.195
24.617

19.4
-5.77

15.91
-4.86

2096

5.35

23.167

-3.65

-4.58

2111
2115

6.28
10.06

22.893
22.866

-52.4
7.18

-48.63
10.03

2122

5.39

22.625

-8.44

-12.35

2128

5.22

22.546

-19.76

-20.23

2191

6.00

21.48

-2.01

-2.52

Description
NADP-dependent malic enzyme
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Putative membrane transport protein
(Lo19II-12_873)
Hypothetical protein
Adenosine kinase
Glyceraldehyde-3-phosphate
dehydrogenase
Glyceraldehyde-3-phosphate
dehydrogenase
Putative metal-dependent hydrolase YcfH
Putative parvulin-type peptidyl-prolyl
cis-trans
Peptidoglycan-binding protein ArfA
Ribulose-phosphate 3-epimerase
ATP-dependent Clp protease proteolytic
subunit
Superoxide dismutase [Fe]
Peptidoglycan-binding protein ArfA
ATP-dependent Clp protease proteolytic
subunit
Putative inorganic diphosphatase
(Lo19II-12_469)
Ribosome-recycling factor

COG No.
COG0281
COG2067
-

KEGG No.
-

EggNOG_Category
C
R
I
R

COG1494

K06076

G

COG2067
COG0524

K06076
K00856

I
G

COG0057

K00134

G

COG0057

K00134

G

COG0084

K03424

L

COG0760

K03769

O

COG2885
COG0036

K03286
K01783

M
G

COG0740

K01358

O

COG0605
COG2885

K04564
K03286

P
M

COG0740

K01358

O

COG0221

K01507

COG0233

K02838

C
J

Table 12. (Continued)
Spot

pI

Mw (kDa)

2645
2683
2686
2731
2767
2781
2801
2815
2820
2858

9.89
4.31
4.42
6.84
5.38
7.20
5.06
5.25
6.14
5.64

15.422
15.284
15.255
0
0
0
0
0
0
0

0.7/3.0 Av.
Ratio
3.23
-4.16
-5.14
5.33
2.1
2.87
-2.4
-4.79
-4.42
2.96

0.7/6.0 Av.
Ratio
3.21
-6.5
-8.8
2.6
1.64
2
-3.39
-5.02
-4.44
1.26

Description

COG No.

KEGG No.

EggNOG_Category

hypothetical protein
50S ribosomal protein L7/L12
50S ribosomal protein L7/L12
Hypothetical protein
Major carboxysome shell protein 1C
Hypothetical protein
Major carboxysome shell protein 1C
Ribulose bisphosphate carboxylase small chain
Ribulose bisphosphate carboxylase small chain
Hypothetical protein

cl21600
COG0222
COG0222
COG4577
COG4577
COG4451
COG4451
COG3439

K02935
K02935
K04027
K04027
K01602
K01602
-

R
J
J
S
E
S
E
C
C
S
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Introduction

1.

Introduction

Barley (Hordeum vulgare L.) is an annual cereal grain that was one of the first domesticated
plants in the human history. Nowadays it is the fourth most widely cultivated cereal in the world,
after wheat, rice and corn. Barley is very important in terms of production, with about 158 million
tons produced during 2019, and more than 50 million hectares harvested all around the World
(Figure 38). Europe is the major producer (near 60% of the world production stems from there), and
Spain
was
the
8th
producer
country
in
the
World
in
2019
(http://www.fao.org/faostat/en/#data/QC/visualize) (Taner et al., 2004; Zhou, 2009).
Barley is mainly used as feed for animals (globally, 70% of barley production is used directly or
indirectly for feeding animals). In fact, the Spanish name for barley is “cebada”, which comes from
the Latin “cibata”, the past participle of the verb “cibare”, which means “to feed”. The second most
important use of barley grain is the malt production. Globally, 30% of the world ‘s barley production
is used for malting purposes, being the amount of barley destined for beer production very
important in Spain. The national production of beer in Spain in 2014 was 3.35 billion litters, making
Spain the fourth largest producer in the European Union and the tenth largest in the World. In fact,
barley was the most cultivated crop in Spain in 2019 (Martínez-Moreno, 2017; Taner et al., 2004)
(http://www.fao.org/faostat/en/#data/QC/visualize).

Figure 38. Production quantities of barley by country from year 2018 to 2019 by FAO
(http://www.fao.org/faostat/en/#data/QC/visualize).
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One of the main problems in the agricultural world is the excessive use of fertilizers. That cause
a number of environmental and ecological problems, within and outside farmlands, such as air
pollution, soil acidification and degradation, water eutrophication, crop yield reduction, and
undermining of the sustainability of food and energy production from agricultural fields. Nowadays,
the average of fertilizer consumption per hectare of arable land in the world is around 140 kg
(https://data.worldbank.org/indicator/AG.CON.FERT.ZS). Besides, most of the fertilization processes
nowadays are based on mineral fertilizers (mainly phosphorus, nitrogen and potassium, the so-called
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NPK-fertilizers), which are highly polluting in both production and application processes. Therefore,
since the turn of the century, experts from all around the world support the need to achieve an
eco-friendly fertilization mechanism. At first, the scientific world focused on nitrogen-fixing
microorganisms as the main solution. However, some decades later, they faced the problem of P
precipitation in crop soils after fertilization. This is how phosphate solubilizing microorganisms
(PSM) emerged in recent decades, as a putative solution to an environmental problem of today
and tomorrow (Giri et al., 2019; Li et al., 2019; Mącik et al., 2020).
Although P is abundant in soil, it is a major limiting factor for plant growth as it is in an unavailable
form for root uptake. P can be found in soils in both organic (mainly from manure and plant or
animal wastes) and inorganic (mostly in insoluble mineral complexes with Al, Fe and Ca) forms. PSM
are able to convert inorganic and organic soil P through various mechanisms of solubilization and
mineralisation, into bioavailable forms facilitating their uptake by plant roots. Each organism can act
in one or more than one way to bring about solubilization of insoluble P. Thus, organic P
solubilization is also called mineralization, and it can occur through three different groups of
enzymes: i) phosphatases, which are grouped into two types according to their pH of activity: acidic
and alkaline, ii) phytases, which specifically cause release of P from phytate degradation, and, in
lesser extent, iii) phosphonatases and C-P lyases, that cleave the C–P bond of organophosphonates.
On the contrary, though it is difficult to pin point a single mechanism of inorganic P solubilization,
production of organic or inorganic acids, with a consequent pH reduction, appears to be of great
importance. The monovalent anion H2PO4- is a major soluble form of inorganic phosphate, which
usually occurs at low pHs (Alori et al., 2017; Sharma et al., 2013).
Since 1948, when Pikovskaya suggested that microorganisms could dissolve non-readily available
forms of P from soil, and play an important role in supplying P to plants, numerous methods and
culture media have been developed for their study, such as Pikovskaya (PVK), bromophenol blue dye
method or NBRIP medium. Most of them use TCP (tricalcium phosphate) as insoluble P source for
isolating and testing PSM (Sharma et al., 2013). Since then, numerous PSM microorganisms, from
both bacteria and fungi kingdoms have been described. Nevertheless, this dissertation is focused on
PSB (phosphate solubilizing bacteria), since it has been reported that bacteria are usually 2 - 150
times greater solubilizer than fungi, especially in soils (Dilnashin et al., 2020). In addition, another
interesting skill of some PSB is endospore production, since during fertilizer production high
temperatures are used, conditions that other types of microorganisms, like most of the fungus,
cannot survive.
Besides, the latest research shows that all this PSB offer other interesting skills for crops: plant
hormone production, minerals solubilization, or even antifungal activity against crop pathogens.
Thus, in this part of the dissertation, we are focused not only on PSB isolation and characterization,
but also on their analysis as plant growth promoting rhizobacteria (PGPR), and their antifungal
activity against some of the main pathogen fungi of barley and other cereals: Fusarium (species like
F. culmorum, F. oxysporum or F. graminearum), Alternaria spp., Botrytis cinereal, or Rhizoctonia
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solani (González et al., 2016; Hane et al., 2014; Mykhalska et al., 2019). Fusarium head blight (FHB),
also known as scab, is an economically devastating disease of small grain cereal crops. It affects all
small grains crops including wheat (Triticum spp.), barley (Hordeum vulgare), rye (Secale cereale),
oats (Avena sativa), and triticale (Triticosecale). The highest economic losses occur in wheat and
barley production. Symptoms are manifested as bleaching of one or more spikelets on a spike. The
bleaching can start anywhere on the spike, but frequently begins in the centre of it, and can continue
until the entire spike is whitened. Bleached spikes are randomly scattered in the field and appear
suddenly, so that a crop that appeared healthy only a few days earlier, may show widespread
symptoms (Wegulo et al., 2015). Alternaria spp. is the main cause agent of black point disease in
cereals, particularly wheat and barley. The disease consists of dark discoloration of the embryonic
end of the kernel, even if the vitality of the embryo is generally not affected. Although this disease
does not affect harvest yield, it can compromise grain quality and its commercial value because
plants which grow from infected seeds have slow growth and development. (Fanelli et al., 2013;
Mykhalska et al., 2019). B. cinerea, also known as grey mould, can infect more than 200 species of
plants. The fungus is considered a typical necrotroph, co-opting the host’s programmed cell death
pathways to achieve infection (Dean et al., 2012).

2.

Material and methods

2.1. Isolation and selection of phosphate solubilizing bacteria (PSB)

Bacteria representative of the predominant morphological types present on the plates were
selected at random, and picked and streaked onto NBRIP agar medium (composition in section II in
appendix) (Mardad et al., 2013) to check for phosphate solubilization on solid media. Plates were
incubated at 30ᵒC up to 12 days. Colonies surrounded by clear zones were selected to analyse their
solubilisation index.

2.2. Endospores detection
To determine endospore formation, microscopic observation after staining with malachite green
and safranin is mainly used. Malachite green is a water-soluble dye, which does not adhere to the
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Phosphate solubilizing bacteria were isolated from the ectorhizosphere (soil directly surrounding
the root) of barley plants cultivated in a field located in León (Spain). Five plants were gentle removed
from the soil, and the soil adhered to roots was collected by introducing fragment of roots in a 50mL tube and shaken by extensive vortexing. Next, 10-fold serial dilutions from 10-2 to 10-7 were
prepared into sterile ddH2O, by duplicate. One of the duplicates was incubated at 80ᵒC for 10 min.
Finally, 100 µL of each sample were spread on NB agar, Plate Count Agar and SCA (starch-casein agar)
plates (compositions in section II in appendix) supplemented with natamycin 200 µg/mL to prevent
fungal growth. Plates were incubated at 30ᵒC up to 12 days, until growth was observed.
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cell wall, so heat is used to allow it to enter in the vegetative cells and the endospores. Then, the
sample is washed with water, which makes the vegetative cells, but not the endospores, lose the
malachite green dye. The sample is then dyed with safranin, which will stain the vegetative cells but
not the endospores. Thus, the vegetative cells should appear pink/red, while the spores should be
observed as green/blue.

Protocol development








Grow the strain in NB agar medium at 30ᵒC for 24 h, and at RT for a week.
Add 10 µL of dH2O onto a slide, smear a small quantity of the culture over it, and fix by heat until
the sample is fully dried.
Add several drops of malachite green 45 and heat to steam for 5 min. Keep the sample moist by
adding more dye, one drop at a time, as needed. Allow the slide to cool for 2 min.
Gently squirt a stream of dH2O onto the top of the slide.
Add safranin to cover the sample. And incubate at RT for 2 min.
Gently squirt a stream of dH2O onto the top of the slide.
Let the sample air dry.
48F

2.3. Determination of P solubilization in solid media
To analyse their phosphate solubilization skills, 20 µL of each bacterial culture were plated onto
NBRIP agar plates (composition in section II in appendix) and incubated at 30ᵒC up to 15 days. The
halozone formed around the colony was measured every 4 days. All the experiments were carried
out by triplicate. The solubilization index (SI) was determined by measuring the halo and the colony
diameter according to next formula (Mardad et al., 2013):

According to their morphological characteristics, the strains with a SI over the average, and
especially those strains showing endospores formation, were selected for later identification.

2.4. Identification of PSB
Isolates were identified by 16S rRNA gene sequencing at Instrumental Techniques Laboratory
(University of León). Genomic DNA isolation from the selected strains was carried out as described
by Hopwood et al. (2000). Thus, cultures were grown in NB liquid medium at 30ᵒC and 150 rpm for
24 h, and DNA was extracted as follows:

45
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Malachite green: 0.5% (w/v) malachite green in dH2O.
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Protocol development












Centrifuge 10 mL of a pre-grown culture at 10,700 x g for 1 min.
Discard the supernatant.
Add 250 µL of lysis solution 46 and incubate 10 min at RT.
Add 75 µL of potassium acetate buffer 47. Mix thoroughly by inversion.
Centrifuge the samples at 17,000 x g for 2 min at RT. Transfer the supernatant to a new tube.
Add 400 µL of isopropanol. Mix thoroughly by inversion. Incubate 5 min at RT.
Centrifuge at 17,000 x g for 5 min at RT.
Discard the supernatant.
Wash the DNA adding carefully 50 µL of 70% (v/v) ethanol over the pellet.
Discard the supernatant.
Let the pellet dry and re-suspend in 50 µL of TE 48.
4

45F

46F

Extracted DNA was analysed by electrophoresis in a 0.7% (w/v) agarose gel in 1x TAE buffer 49 and
stained with 2.0 µg/mL ethidium bromide (Sigma-Aldrich) and its concentration was measured on a
NanoDropTM 2000 spectrophotometer (Thermo Fisher Scientific). Genomic DNA was stored at -20ᵒC
until use.
47F

PCR amplification was carried out in 0.2 mL sterile tubes using a Mastercycler Gradient
Termocycler (Eppendorf). PCR conditions were 98ᵒC, 3 min; 25 cycles of 98ᵒC, 30 seg; 50ᵒC, 1 min;
72ᵒC, 2 min; and a final extension of 72ᵒC 10 min. Samples were kept at 4ᵒC until the reactions were
analysed in 1% (w/v) agarose gels.
Sequence data were aligned with MEGA 7.0 software (https://www.megasoftware.net) and
compared with available sequences of bacterial lineage in the National Centre for Biotechnology
Information GenBank database (http://www.ncbi.nlm.nih.gov) using BLASTn software
(https://blast.ncbi.nlm.nih.gov).

46

Lysis solution: 400 mM Tris-HCl, pH 8.0; 60 mM EDTA, pH 8.0; 150 mM NaCl; 1% SDS.
Potassium acetate buffer: 3 M potassium acetate; 11.5% (v/v) glacial acetic acid; pH 4.8.
48
TE buffer: 10 mM Tris-HCl; 1 mM EDTA; pH 8.0
49
50x TAE buffer: 5.71% (v/v) acetic acid; 10% (v/v) EDTA 0.5 M, pH 8.0; 24.2% (w/v) Tris base.
47
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16S rRNA genes were amplified using the 27F (5’ AGAGTTTGATCCTGGCTCAG 3’) and 1492R (5’
TACCTTGTTACGACTT 3’) primers (Peace et al., 1994). Amplification reactions were developed in
1x paq5000 DNA polymerase buffer (Agilent Technologies) with 1 µM of each primer, 0.1 mM dNTPs
(EURx), 1 U Paq5000 DNA polymerase (Agilent Technologies) and 15 ng template DNA. ddH2O was
used to bring the total reaction volume to 20 µL.

Isolation, identification and selection of PSB and their application to barley crops

2.5. Determination of phosphate solubilization in liquid medium
P solubilization of the selected strains was quantified in liquid medium. Briefly, all the strains
were grown in NB liquid medium at 30ᵒC and 150 rpm for 24 h. 500-mL Erlenmeyer flasks containing
100 mL of NBRIP liquid medium (composition in section II in appendix) were inoculated at 5 · 104
cfu/mL and incubated at 30ᵒC and 150 rpm for 20 days. 1 mL samples were taken every 24 h and
stored at -20ᵒC until use. pH of the cultures was determined by a pH-meter pH526 (WTW). All
experiments were carried out by triplicate. Soluble P quantification was analysed by following
malachite green method (Martínez Castro, 2011) and compared with a standard curve using K2HPO4
(see section 2.4).

2.6. Determination of P solubilization mechanisms
2.6.1. Phosphatase activity quantification
One of the main phosphorus solubilization methods used by PSMs is the synthesis of
phosphatases. The assay for phosphatases determination is based on the ability of acid and alkaline
phosphatases to catalyse the hydrolysis of the p-nitrophenolphosphate to p-nitrophenol, which
maximally absorbs at 405 nm. Thus, a pre-culture was grown in NB liquid medium at 30ᵒC and
150 rpm for 24 h. Then, 25 mL of TSB (composition in section II in appendix) were inoculated at 5 · 104
cells/mL with the pre-culture, and incubated at 30ᵒC and 150 rpm for 48 h. The extracellular and
cytoplasmatic phosphatase activities (both acidic and alkaline) were determined as follows:

Protocol development








50
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Transfer 1 mL of the culture to a microtube and the rest to a 50-mL tube.
Centrifuge the culture from the microtube at 17,000 x g for 10 min and the 50-mL tube at
10,700 x g for 20 min.
Transfer the supernatant from the microtube to a new microtube and store at 4ᵒC until use. The
supernatant will be used to determine the extracellular phosphatase activity.
Discard the supernatant from the 50-mL tube and wash the pellet twice in 0.9% NaCl.
Resuspend the pellet in 1 mL of TE buffer 50 and sonicate with an Ultrasonic Processor XL
sonicator (Misonix) on ice for 10 cycles of 2 s sonication and 20 s rest.
Centrifuge at 17,000 x g for 10 min, transfer the supernatant to a new microtube and store at
4ᵒC until use. The supernatant will be used to determine the intracellular phosphatase activity.
Place 50 µL of each sample in each well of a 96-well microplate.

TE buffer: 10 mM Tris-HCl; 1 mM EDTA; pH 7.0.

51F
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 Add 50 µL of substrate solution for acidic phosphatases 51 or 50 µL of substrate solution for
52F

alkaline phosphatases 52, as appropriate.
Incubate the microplate at 37ᵒC for 10 min on a rotary shaker at 60 rpm.
Add 200 µL of 0.5 N NaOH to stop the reaction.
Measure the OD at 405 nm.
53F





,

A p-nitrophenol solution from 0 to 1 µmol/mL was used as standard from a 5 µmol/mL stock and
run in parallel (Table 13). The blank consisted in 50 µL of buffer instead of bacterial supernatant. To
determine specific activities, the total soluble protein in cell extracts and supernatants cultures was
quantified by the Bradford method (see section 2.5.2).
Table 13. Preparation of the standard curve of p-nitrophenol for the acid and alkaline phosphatase quantification by the
OD405 nm measurement.
[p-nitrophenol] (µmol/mL)

0

0.01

0.05

0.1

0.5

1

V (µL) (stock)

0

0.2

1

2

10

20

V (µL) (ddH2O)

100

99.8

99

98

90

80

2.6.2. Phytase activity determination

To check the ability of the isolates to hydrolyze phytate, they were plated onto PSM medium
(composition in section II in appendix), and the phytase activity was assayed according to the
counterstaining technique described by Kumar et al. (2013). Nevertheless, as a personal opinion, it
is recommended to incubate only with the cobalt chloride solution to observe the halo zones.

Protocol development






Cultures were grown into NB liquid medium at 30ᵒC and 150 rpm for 24 h.
Four different drops of the culture, 10 µl each, were placed in PSM medium.
Plates were incubated at 30ᵒC for 5 days.
Flood the plates with 2% cobalt chloride for 5 min.
Replace the cobalt chloride solution with freshly prepared colouring reagent containing equal
volumes of 6.25% (w/v) aqueous molybdate and 0.42% (w/v) ammonium vanadate solution and
incubated for 5 min at RT.

51

Substrate solution for acidic phosphatases: 0.1 M citric acid; 0.1 M sodium citrate; 5.5 mM
p-nitrophenylphosphate; pH 4.8.
52
Substrate solution for alkaline phosphatases: 0.05 M glycine; 0.01% (w/v) MgCl2 · 6 H2O; 5.5 mM
p-nitrophenylphosphate; pH 10.5.
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a. Qualitative method: agar-plate assay
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b. Quantitative assay: spectrophotometric method
To quantify the phytase production, a spectrophotometric assay based on Jorquera et al. (2018)
and Nassiri et al. (2015) protocols was carried out. Nevertheless, P solubilization mainly derive from
the phytases secreted to the environment, so just extracellular phytases were analysed. Briefly, a
pre-culture of each isolate was grown into 100 mL of LB liquid medium (composition in section II in
appendix) at 30ᵒC and 150 rpm for 24 h. 500-mL Erlenmeyer flasks containing 100 mL of LB medium
were inoculated with 5 · 104 cells/mL and incubated at 30ᵒC and 150 rpm for 7 days. 5 mL samples
were taken and centrifugated at 6,850 x g and 4ᵒC for 5 min. Supernatants were subjected to dialysis
(10 kDa) into sodium acetate buffer 53 at 4ᵒC O/N.
54F

Then, 150 µL of the crude extracellular protein extract were incubated with 600 µL of phytate
solution 54 at 37ᵒC for 30 min. The reaction was stopped by the addition of 750 µL of the stop solution
(5% w/v trichloroacetic acid). Finally, 6 mL of the colour reagent 55 were added to 1.5 mL of the
sample solution. Samples were centrifugated at 2675 x g for 5 min. Absorbance of supernatants was
measured at 700 nm.
5F

56F

One unit of phytase activity was defined as 1 µmol of P released in 1 min. Blanks were carried
out in parallel by adding stop solution prior to substrate addition.
Lastly, soluble P standard curve was prepared using a 5 mg/mL K2HPO4 solution as stock as
indicated in Table 14. Standard curve samples were measured spectrophotometrically at 700 nm
before measuring the rest of the samples.
Table 14. Preparation of the standard curve of K2HPO4 for the phytase production quantification by the OD700 nm measurement.
[KH2PO4] (mg/mL)

0

5

25

50

150

300

600

V (µL) (stock)

0

2.5

12.5

25

75

150

300

V (µL) (ddH2O)

1000

997.5

987.5

975

925

850

700

2.6.3. Organic acid biosynthesis
To determine organic acid productions in the isolates PSB1 to PSB9, a new fermentation was
carried out in modified NBRIP liquid medium. To avoid problems with the insoluble P in NBRIP
medium, Ca3(PO4)2, was replaced by 5 g/L K2HPO4 and 5 g/L KH2PO4. Thus, 100 mL of each medium
were inoculated at 5 · 104 cell/mL and incubated at 30ᵒC and 150 rpm for 7 days. 2 mL samples were
taken daily and cell-free culture supernatants were obtained by centrifugation at 17,000 x g for 10

53

Sodium acetate buffer: 100 mM sodium acetate, pH 5.0.
Phytate solution: 0.2% (w/v) of sodium phytate [phytic acid sodium salt hydrate; C6H18O24P6·xNa · yH2O]
in 100 mM sodium acetate buffer; pH 5.0.
55
Colour reagent: 1.5% (w/v) ammonium molybdate, 5.5% (w/v) sulphuric acid solution and 2.7% (w/v)
ferrous sulphate.
54

116

Material and methods

min and filtration through a 0.2 µm filter. Acetic, citric, formic, lactic, malic, oxalic, succinic and
tartaric acids were measured by HPLC equipped with an Alliance 2695 refractive index detector
(Waters). Isocratic elution with 0.005 M H2SO4 was performed using a HiPlex H (300 x 7.7 mm)
column (Agilent) at 50ᵒC and a flow rate of 0.5 mL/min.

2.6.4. Siderophore production
Siderophores are low molecular weight organic ligands, with high affinity and specificity for
binding trivalent ions such as iron and aluminium (Ghosh et al., 2015). Siderophore production is
commonly detected by using chrome azurol sulphonate (CAS) dye, which forms a ferric complex
(CAS-iron-detergent complex) of blue colour. In presence of siderophore molecules, the iron is
strongly chelated, becoming the dye free in the media, and losing the blue colour.

Protocol development




Cultures were grown into NB liquid medium at 30ᵒC and 150 rpm for 24 h.
Four different drops of the culture, 10 µl each, were placed in CAS agar medium.
Plates were incubated at 30ᵒC for 5 days.

a. Fe-CAS solution
The Fe-CAS solution was freshly prepared for each batch of CAS agar plates by mixing 10 mL of
1 mM FeCl3 · 6 H2O in 10 mM HCl with 50 mL of an aqueous solution of 1.21 mg/mL CAS. Then, 40 mL
of an aqueous solution of 1.82 mg/mL hexadecyltrimethylammonium bromide (HDTMA) were
prepared separately. The dark purple mixture of Fe-CAS was added slowly, with constant stirring, to
the HDTMA solution, reaching a dark blue colour. The final solution was sterilized by autoclaving and
stored at 50ᵒC until use.
b. Buffer solution
The buffer solution was prepared by dissolving 0.3 g of KH2PO4, 0.5 g of NaCl and 1.0 g of NH4Cl
in 750 mL of dH2O and mixing by stirring. Hereafter, 30.24 g of PIPES (1,4-Piperazinediethanesulfonic
acid) were added to the solution. The pH was adjusted to 6.8 with KOH, and dH2O was added to bring
the volume up to 800 mL. Finally, 15 g of agar were added to the bottle. The final solution was
sterilized by autoclaving and stored at 50ᵒC until use. It is recommended to place a magnetic stirrer
inside the bottle to homogenize all the solutions after mixing them.
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Bacterial colonies with yellow-orange colour halo zone were selected positive for siderophore
production. To avoid inconsistent results with the colour of the plates, CAS agar medium was
prepared from four solutions sterilized separately before mixing following the instructions below.
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c. Solution 3
The composition of solution 3 was as follows: 2 g glucose, 2 g mannitol, 493 mg MgSO4 · 7 H2O,
11 mg CaCl2, 1.17 mg MnSO4 · H2O, 1.4 mg H3BO3, 0.04 mg CuSO4 · 5 H2O, 1.2 mg ZnSO4 · 7 H2O and
1.0 mg Na2MoO4 · 2 H2O; in 70 mL of dH2O. Solution 3 was autoclaved and stored at 50ᵒC until use.
d. Casamino acids solution
Casamino acids solution consisted in 10% (w/v) casamino acids in 30 mL of dH2O. The solution
was sterilised through a 0.2 µm filter.
e.

Final CAS agar medium

Solution 3 was added to the buffer solution, as was the casamino acids solution. Fe-CAS solution
was added the last, with continuous stirring to mix all the solutions without forming bubbles.

2.6.5. HCN production
All the isolates were screened for the production of HCN by using the method of Lorck (1948),
recently described in detail by Devi et al. (2018). The protocol is based on the fact that HCN is reduced
to isopurpuric acid in the presence of picric acid, developing an orange-reddish colour. Thus, a preculture was grown into NB liquid medium at 30ᵒC and 150 rpm for 24 h and analysed as follows:

Protocol development




Streak the cultures onto NB solid medium supplemented with 4.4 g/L glycine.
A Whatmann filter paper No. 1 socked in 2% sodium carbonate in 0.5% picric acid solution was
placed in the top of the plate.
Plates were sealed with parafilm and incubated in the dark at 30ᵒC up to 10 days.

Those isolates that developed an orange-reddish colour on the Whatmann filter paper were
determined positive.

2.7. Miscellaneous plant growth promoting characters
2.7.1. Indoleacetic acid synthesis
The auxin indole-3-acetic acid (IAA) is a product of tryptophan metabolism. The quantification of
the IAA synthesized by every isolate was carried out by using a colorimetric technique according the
Salkowski’s method (Gordon & Weber, 1951). Salkowski reagent is a mixture of ferric chloride and
perchloric acid, which react with IAA yielding a pink colour solution.
Thus, flasks containing 100 mL of NB medium supplemented with 5 g/L tryptophan were
inoculated at 5 · 104 cells/mL and incubated at 30ᵒC and 150 rpm for 10 days. Daily, 1.5 mL samples
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were taken to analyse growth (by OD600 and by ufc count on NB agar medium) and indoleacetic acid
production, which was measured spectrophotometrically by the Salkowski’s method.

a. Salkowski’s reagent preparation

Protocol development





Add 2.027 g of FeCl3 to 15 mL of dH2O.
Mix 49 mL of a 70% HClO4 with 49 mL of dH2O (final concentration of 35%).
Add 2 mL of the FeCl3 solution to the HClO4.
Autoclave at 121ᵒC for 20 min and keep in the dark.

b. IAA standard curve
IAA standard curve was prepared using a 1 mg/mL IAA solution as stock as indicated in Table 15.
Measure the standard curve samples spectrophotometrically at 530 nm before measuring the rest
of the samples. Standard curve shows changes of colour since colourless (low concentration) to dark
pink ones (high concentration).
Table 15. Preparation of the standard curve of IAA for the IAA quantification by the OD530 nm measurement.
0

5

10

20

50

100

V (mL) (IAA)

0

1 (50 µg/mL)

1 (100 µg/mL)

2 mL (100 µg/mL)

5 (100 µg/mL)

1 mL (stock)

V (mL) (NB)

10

9

9

8

5

9

c.

Samples measure

Samples were mixed with the Salkowski’s reagent and measured spectrophotometrically as
follows:

Protocol development




Mix 1 mL of the sample with 2 mL of Salkowski’s reagent.
Incubate the samples 25 min in the dark.
Measure OD at 530 nm.

2.7.2. Zn solubilization
All the selected isolates were screened for their efficiency to solubilize zinc on Tris-minimal
medium (composition in section II in appendix) supplemented separately with two different Zn
source: tris-minimal medium supplemented with zinc oxide (ZnO) (1.244 g/L), and, on the other side,
tris-minimal medium supplemented with zinc phosphate [Zn3(PO4)2] (1.988 g/L). Both of them at a
concentration equivalent to 0.1% Zn, following Sharma et al. (2011) protocol. Zn solubilization
efficiency (SE) was calculated as follow:
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[IAA] (µg/mL)
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Protocol development




Cultures were grown into NB liquid medium at 30ᵒC and 150 rpm for 24 h.
Four different drops of the culture, 10 µl each, were placed in Tris-minimal medium
supplemented with Zn.
Plates were incubated at 30ᵒC up to 7 days in the dark.

Positive strains were selected according to the formation of a halo around the isolate.

2.7.3. K solubilization
The nine selected isolates were screened for their efficiency to solubilize potassium on
Aleksandrov medium (composition in section II in appendix), supplemented with 0.025% (w/v)
bromothymol blue, following Etesami et al. (2017) protocol. K solubilization efficiency (SE) was
calculated as above.

Protocol development




Cultures were grown into NB liquid medium at 30ᵒC and 150 rpm for 24 h.
Four different drops of the culture, 10 µl each, were placed in Aleksandrov medium
supplemented with 0.25 g/L bromothymol blue.
Plates were incubated at 30ᵒC up to 7 days in the dark.

Positive isolates were detected by the formation of a halo around the isolate.

2.8. Greenhouse pot experiments
In order to check the effect of selected PSB on barley crop development, a greenhouse pot
experiment was carried out using vermiculite as substrate, supplemented with tricalcium phosphate
[Ca3(PO4)2] as sole insoluble phosphorus source. Nine 10-seed replicates were carried out for each
selected PSB. Cultures for seed inoculation were grown in NB liquid medium for 24 h at 30ᵒC and
150 rpm. Every pot was irrigated with 200 mL of modified plant nutrient solution 56 without any
soluble phosphorus source. Besides, the plant nutrient solution was supplemented with dextrose, as
C source for the strains, and chitosan, to avoid fungal growth in the vermiculite.
57F

56
Plant nutrient solution: 0.2 g/L MgSO4 · 7 H2O; 0.2 g/L KCl; 0.2 g/L NaCl; 0.014 g/L EDTA; 0.0119 g/L FeSO4;
0.018 g/L H3BO3; 0.02 g/L MnSO4 · H2O; ZnSO4 · 7 H2O; 0.002 g/L CuSO4; 0.0047 g (NH4)6Mo7O24; 0.4 g/L Ca(NO3)2.
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Protocol development







Barley seeds were superficially disinfected by immersing in 70% ethanol for 1 min, and 3%
sodium hypochlorite for 5 min. Rinse in sterile ddH2O three times for 5 min.
Place 5 L of vermiculite (washed with dH2O and autoclaved twice at 121ᵒC for 20 min)
supplemented with 22 g of tricalcium phosphate (ratio 25:1 w/w) per pot.
Immerse the seeds in a pre-grown culture of each individual PSB at 108 cells/mL for 5 min.
Place 10 inoculated seeds per pot.
Inoculate each pot with 8 mL of a pre-grown culture at 108 cells/mL.
Irrigate the pots twice per week with 200 mL of modified plan nutrient solution56 without soluble
phosphate (Rigaud & Puppo, 1975) supplemented with 2 g/L chitosan and 2 g/L dextrose.

99 pots
9 pots / condition
9 strains + 2 controls
spikes

stem

Seed disinfection:
70% ethanol 1 min
3% sodium hypochlorite 5 min
ddH2O x3

Inoculation with
PSB strains
(108 cells/mL)

10 seeds / pot
5 L vermiculite
22 g Ca2(PO4)2

200 mL modified plant nutrient solution
without KH2PO4 (except positive control)

Figure 39. Diagram of the greenhouse pot experiment.

Plants were grown until maturation of the ears. Seeds for negative and positive controls were
immersed into sterile NB liquid medium. Positive control pots were irrigated with plant nutrient
solution supplemented with 0.2 g/L KH2PO4 as soluble phosphorus source.
For evaluation of the growth promotion effect of each selected PSB height, fresh and dry weight
of spikes, roots and shoots were recorded. Dry weight was determined by placing the samples
separately in an oven at 60ᵒC for 72 h.

2.8.1. Phosphorus determination in root and shoot samples
Assimilated P by the plants was determined at root and shoot samples as described by Watanabe
and Olsen (1965). This method is based in the reaction of orthophosphate with ammonium
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molybdate under acid conditions to form molybdophosphoric acid, which reacts with vanadium to
form vanadomolybdophosphoric acid, with a yellowish colour. The intensity of the yellow colour is
proportional to phosphate concentration. Briefly, samples were displaced, and aerial and root parts
were separated. Next, each part was grinded with an IKA MF10 Basic Grinder with an integrated 1.0
mm sieve (IKA LAbotecnik).

Protocol development








Place 0.5 g of grinded sample in a Bloc digest 12 (Selecta) tube.
Add 8 mL of ternary acid mixture 57.
Digest the samples at 400ᵒC for 30 min in a Bloc digest 12 (Selecta).
Add ddH2O up to 50 mL.
Decant the samples O/N at 4ᵒC.
Place 5 mL of sample in a volumetric flask and add 6 mL of vanadate-molybdate reagent 58. Make
up to 50 mL with ddH2O.
Measure absorbance at 430 nm.
58F

59F

Phosphoric acid (P2O5) was used as standard from 0 to 1% (w/v). Besides, samples were also
analysed based on FAMIC (2018) by ICP-OES (iCAP 7200) (Thermo Fisher Scientific) and Qtegra 2.7
software (see section 2.3).

2.8.2. Starch determination in barley grains samples
Starch is the major component of barley kernel, and it may amount up to 70% of the seed dry
weight (Asare et al., 2011). Therefore, it is interesting to determine whether the presence of PGPR
isolates could increase starch content in barley grains. Starch content was measured following Chow
and Landhäusser (2004) protocol, which is based on starch hydrolysis to glucose, and its subsequent
quantification. Thus, glucose, in presence of glucose oxidase, is converted into gluconic acid, with
consequent oxygen peroxide production. This oxygen peroxide, oxidizes O-dianisidine, that, in acidic
solution, shows a pink colour. The intensity of the pink colour measured at 540 nm is proportional
to the original glucose concentration. Thus, barley grains were grinded by using a Retsch ball mill
MM200 (Fisher Scientific), and samples were filtered through a 0.7 mm sieve.

Protocol development


57

Place 50 mg of grinded sample in a 15-mL tube and add 5 mL of 80% (v/v) ethanol to remove any
soluble sugar. Incubate at 95ᵒC for 10 min.

Ternary acid mixture: 1 volume of sulphuric acid; 5 volumes of nitric acid; 2 volumes of perchloric acid.
Vanadate-molybdate reagent: 400 mL of 0.05 M ammonium molybdate; 500 mL of 0.02 M ammonium
metavanadate in 32.5% HNO3; 100 mL ddH2O.
58
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Centrifuge at 670 x g for 5 min and discard the supernatant. Repeat twice the 80% ethanol
extraction.
Let the pellet dry at 50ᵒC for 3 - 4 h, mixing from time to time to speed desiccation.
Place 30 mg of the washed sample in a 2-mL microtube and add 2 mL of 0.2 N KOH.
Completely disrupt the pellet by vortexing samples for 20 s. If the pellet is not disintegrated, try
to disrupt by pipetting.
Incubate the samples 10 min at RT and 1,200 rpm in a thermomixer (ThermoMixer F1.5,
Eppendorf).
Boil the samples for 30 min to complete the starch solubilization process.
Mix the samples by vortexing for 10 s.
Centrifuge the samples 10 min at RT and 17,000 x g to remove any insoluble material.
Transfer the supernatant to a new 1.5-mL microtube.
Repeat the digestion with 0.2 KOH twice and mix the three basic extractions before the
enzymatic digestion.
Store the samples at 4ᵒC until use.
Place 200 µL samples in a new 1.5-mL microtube. Add 28 µL of 1 N HCl, 30 µL of α-amylase buffer
10x and 42 µL of fresh 0.4 U/µL α-amylase 59 (Sigma-Aldrich, A-3176). Final concentration of
α-amylase enzyme is 56 U/mL.
Incubate at 50ᵒC for 2 h.
Add 50 µL of fresh 15 U/mL amyloglucosidase 60 (Sigma-Aldrich, A-7420).
Incubate at 55ᵒC for 2 h.
Centrifuge 10 min at 670 x g and RT.
Transfer the supernatant to a new 1.5-mL microtube and store the samples at 4ᵒC until use.
Place 200 µL samples in a 10-mL tube. Add 2 mL of fresh glucose oxidase/peroxidase reagent
(Sigma-Aldrich, P 7119) and 1.6 mL of 2.5 mg/mL O-dianisidine (Sigma-Aldrich, D-3252).
Incubate in the dark at 25ᵒC for 45 min.
Measure absorbance at 420 nm.
60F




61F

Final concentration was determined by comparison with a standard curve using glucose from 0 to
1 mg/mL in acetate buffer 50 mM pH 5.0, prepared from a stock solution at 10 mg/mL. Samples were
diluted when needed with the same buffer and all the experiments were carried out by triplicate.

Table 16. Preparation of the standard curve of glucose for the starch quantification by the OD420 nm measurement.
[Glucose] (mg/mL)

0

0.1

0.2

0.3

0.4

0.5

V (mL) (10 mg/mL stock glucose)

0

0.2

0.4

0.6

0.8

1.0

V (mL) (50 mM sodium acetate pH 5.0)

2.0

1.8

1.6

1.4

1.2

1.0

59

α-amylase: 25 mg 16 U/mg α-amylase (Sigma-Aldrich, A-3176); 900 µL ddH2O; 100 µL α-amylase buffer
10x (Sigma-Aldrich, A-3176).
60
Amyloglucosidase: 5 mg 30 U/mg amyloglucosidase (Sigma-Aldrich, A-7420); 1 mL 0.1 M sodium acetate,
pH 5.0.
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2.8.3. Statistical analysis
Plant growth (root and shoot length and dry weight), P assimilation, barley ears production, and
starch richness data were tested for univariate normality using the Shapiro-Wilk test. They were
subjected to univariate analysis of variance using the One-Way ANOVA (by Scheffe post-hoc test) to
determine if there were significant differences between treated and untreated plants. Finally, to
measure the strength of association between the variables with significant differences, a correlation
analysis using Spearman’s test was carried out. All the statistical analyses were carried out by using
IMB SPSS Statistics 26.

2.9. In vitro germination assay
To analyse the effect of the isolates on seed germination, an in vitro germination assay was
carried out with barley seeds based on Pastor-Bueis et al. (2017) protocol. Five 10-seed replicates
were carried out with each strain. Negative control consisted in 10 seeds incubated with sterile NB
liquid medium.

Protocol development





Seeds of barley were surface-disinfected by immersion in 70% ethanol for 1 min and 3% sodium
hypochlorite for 5 min. Rinse in sterile ddH2O three times for 5 min.
Place the seeds on a sterile 3M Whatman in 9 cm Petri dishes containing 3 mL of a 108 cells/mL
culture. Cover the seeds with a sterile filter paper.
The Petri dishes were hermetically sealed and kept in a growth chamber at 25ᵒC in the dark.
Seeds were considered germinated when radicle has extended at least 2 mm. The number of
germinated seeds was recorded daily until control reached at least 80% of germination.

Once the assay was finished, it was determined the relative germination percentage (RGP), the
relative radicle growth (RRG) and the germination index (GI), as follows:
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The assays were carried out with three selected strains and a co-culture of these strains in all
possible combinations. Thus, it was previously discarded that some strains could inhibit the growth
of the other one by co-culture in NB agar plates. Plates were incubated at 30ᵒC for 48 h.

2.10. In vitro antifungal activity on agar plates
The potential to inhibit several fungal phytopathogens of all 9 selected PSB was tested on several
agar media: YED, ISP1 to ISP7 and PDA (compositions in section II in appendix). The antagonism was
tested by a dual culture assay as described by Álvarez-Pérez et al. (2017) with certain modifications.
Six barley’s pathogens fungi were tested in the bioassay: Fusarium oxysporum, Alternaria spp.
Rhizoctonia solani, Nigrospora oryzae, Pleospora herbarum and Botrytis cinerea. Cultures of the PSB
isolates were grown on NB liquid media for 24 h at 30ᵒC and 150 rpm. The fungi were grown on PDA
agar plates at 30ᵒC for 5 days. The bacterial culture was inoculated on the periphery of the plate and
incubated at 30ᵒC for 2 days. NB liquid media was used instead of bacterial culture at controls. A
fungal disc of 6 mm diameter was placed at the centre of the petri plates and they were incubated
at 30ᵒC until contSrol plates grew completely (Figure 40). The mycelial fungus diameter was
measured. Percentage inhibition of fungal mycelium was calculated by using the following formula:


்


PSB
RC
RT

Fungus

Figure 40. Diagram of the in vitro bioassay for the evaluation of the antifungal activity of the nine selected isolates. The PSB
strains were inoculated on the periphery of the plate and the fungal pathogens were inoculated in the centre of the plate
using a 6 mm agar plug. RC was the radio of the fungal colony in the control plates, while RT was the radio of the fungal
colony in the bacterial treated plates.
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Where RC is the radio (cm) of the fungal mycelium growing on the control plates and RT is the
mycelium radio (cm) of the fungal mycelium growing in the bacterial treated plates (Figure 40). Four
measures were determined in each plate, and every assay was carried out by triplicate.
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3.

Results and Discussion

3.1. Isolation and selection of PSB
A total of 104 morphologically distinct bacteria, based in easily observed macroscopic (size,
colour, appearance and shape of the colony, and production of pigments) and microscopic traits
(cellular morphology, spore production, and mobility) were obtained from rhizosphere soil of barley
plants. All these strains were placed onto NBRIP agar medium, and 64 of them (61.5%) formed a
clear halozone around the colony, with different degree of solubilization (Table 17). All of these 64
isolates were analysed on NBRIP agar medium to determine their solubilization index (SI) by triplicate.
Thus, the SI of the isolated varies from 2.03 to 3.13 with an average of 2.30. Twenty-four of the
isolated had an SI above the average and were selected for further identification.
Besides, this experiment suggested that most of the bacteria exhibited a solubilization pattern
that seemed to occur in a two-step process: i) a rapid halo formation in the first 3 or 4 days,
representing more than 85% of the final halo (and sometimes even the 100%); and ii) a later slow
expansion of the halozone during the 11 following days.

Figure 41. Phosphate solubilization analysis on NBRIP solid medium. The strain on the left does not show any solubilization
capability and the strain on the right shows a solubilization halo after 3 days of incubation.
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Table 17. Bacterial strains isolated from the rhizosphere of barley plants and their results for the solubilization index (SI)
determination after 4 days of incubation. Selected strains have been highlighted in a pink colour box.

Colony diameter (cm)

Halo diameter (cm)

SI

Above average

PSB1
PSB2
PSB3
PSB4
PSB5
PSB6
PSB7
PSB8
PSB9
PSB10
PSB11
PSB12
PSB13
PSB14
PSB15
PSB16
PSB17
PSB18
PSB19
PSB20
PSB21
PSB22
PSB23
PSB24
PSB25
PSB26
PSB27
PSB28
PSB29
PSB30
PSB31
PSB32
PSB33
PSB34
PSB35
PSB36
PSB37
PSB38
PSB39
PSB40
PSB41
PSB42
PSB43
PSB44
PSB45
PSB46
PSB47
PSB48
PSB49
PSB50
PSB51
PSB52

1.00
0.90
0.85
0.80
0.75
0.75
0.80
0.80
0.80
0.70
0.80
0.70
0.80
0.95
0.90
0.85
0.90
0.90
0.85
0.90
0.80
0.80
0.75
0.80
0.90
1.00
0.80
0.80
0.70
1.00
1.00
0.70
1.10
0.75
0.75
0.75
0.85
0.90
0.90
0.90
0.90
0.77
0.70
0.70
0.70
0.70
0.75
0.75
0.75
0.75
0.75
0.75

1.30
1.30
1.35
1.30
1.50
1.25
1.20
1.30
1.20
1.30
1.10
1.10
1.45
1.25
1.70
1.60
1.45
1.50
1.35
1.15
1.20
1.70
1.40
1.30
1.10
1.20
0.95
0.95
0.83
1.15
1.15
0.80
1.25
0.85
0.85
0.85
0.95
1.00
1.00
1.00
1.00
0.85
0.77
0.75
0.75
0.75
0.80
0.80
0.80
0.80
0.80
0.80

2.30
2.44
2.59
2.63
3.00
2.67
2.50
2.63
2.50
2.86
2.38
2.57
2.81
2.32
2.89
2.88
2.61
2.67
2.59
2.28
2.50
3.13
2.87
2.63
2.22
2.20
2.19
2.19
2.19
2.15
2.15
2.14
2.14
2.13
2.13
2.13
2.12
2.11
2.11
2.11
2.11
2.10
2.10
2.07
2.07
2.07
2.07
2.07
2.07
2.07
2.07
2.07

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Chapter 3

Isolate

127

Isolation, identification and selection of PSB and their application to barley crops
Table 17. (Continued)
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Isolate

Colony diameter (cm)

Halo diameter (cm)

SI

Above average

PSB53
PSB54
PSB55
PSB56
PSB57
PSB58
PSB59
PSB60
PSB61
PSB62
PSB63
PSB64
PSB65
PSB66
PSB67
PSB68
PSB69
PSB70
PSB71
PSB72
PSB73
PSB74
PSB75
PSB76
PSB77
PSB78
PSB79
PSB80
PSB81
PSB82
PSB83
PSB84
PSB85
PSB86
PSB87
PSB88
PSB89
PSB90
PSB91
PSB92
PSB93
PSB94
PSB95
PSB96
PSB97
PSB98
PSB99
PSB100
PSB101
PSB102
PSB103
PSB104

0.75
0.80
0.80
0.80
0.85
0.85
0.85
1.00
0.96
0.77
0.75
0.75
0.75
0.70
0.90
0.70
0.70
0.70
0.70
0.80
0.85
0.90
0.80
0.70
0.70
0.80
0.80
0.90
0.70
0.90
0.70
0.70
0.80
0.80
0.85
0.80
0.74
0.60
0.60
0.95
0.75
0.75
0.80
0.80

0.80
0.85
0.85
0.85
0.90
0.90
0.90
1.05
1.00
0.80
0.77
0.77
-

2.07
2.06
2.06
2.06
2.06
2.06
2.06
2.05
2.04
2.04
2.03
2.03

No
No
No
No
No
No
No
No
No
No
No
No
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3.1. Identification of PSB
Those 24 isolates showing higher SI values were identified by 16s rRNA gene sequencing. Thus,
14 different species (9 isolates were identified as Burkholderia fungorum, 2 isolates as Pseudomonas
fluorescens, and 2 isolates as Pseudomonas brassicacearum), that belonged to 7 different genera
were identified (Table 18).
Table 18. Twenty-four selected bacterial strains based on their higher than average phosphate SI in solid NBRIP medium and
their molecular identification by rRNA 16S gene sequencing. Selected strains for further assays are highlighted by pink colour.

16S rRNA sequence
similarity (%)

Solubilization
index (SI)

Standard
deviation (SD)

Burkholderia fungorum PSB7

100.00%

3.125

0.12

Achromobacter xylosoxidans PSB5
Burkholderia fungorum PSB22

99.63%
99.91%

3.000

0.22

2.888

0.16

Burkholderia fungorum PSB16

99.91%

2.882

0.09

Pseudomonas fluorescens PSB23

2.866

0.09

Pseudomonas brassicacearum PSB10

99.81%
100.00%

Pseudomonas sp. PSB17

99.90%

2.857
2.812

0.09
0.07

Burkholderia fungorum PSB18

99.71%

2.666

0.12

Pseudomonas koreensis PSB6
Pseudomonas brassicacearum PSB24

100.00%
100.00%

2.666
2.625

0.08
0.06

Pantoea eucrina PSB4

99.71%

2.625

0.09

Enterobacter cloacae PSB8
Burkholderia fungorum PSB13

99.90%
100.00%

2.625

0.21

2.611

0.20

Burkholderia fungorum PSB19

100.00%

2.588

0.08

Bacillus sp. PSB3
Pseudomonas oryzihabitans PSB12

99.91%
100.00%

2.588

0.03

2.571

0.02

Burkholderia fungorum PSB21

99.91%

2.500

0.03

Burkholderia fungorum PSB15

99.91%

2.500

0.20

Advenella mimigardefordensis PSB9

99.51%

2.500

0.06

Pseudomonas plecoglossicida PSB2
Pseudomonas fluorescens PSB11

99.90%
99.90%

2.440

0.14

2.375

0.10

Pseudomonas aeruginosa PSB14

99.80%

Bacillus megaterium PSB1
Burkholderia fungorum PSB20

100.00%

2.315
2.300

0.13
0.06

100.00%

2.277

0.15
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There were three isolates whose 16S rRNA gene sequences matched with several strains. In those
cases, their sequences were manually aligned to determine the species they belonged. Thus, PSB9
nBLAST analysis showed the same similarity to A. mimigardefordensis and A. kashmirensis strains.
Nevertheless, the manual alignment showed five differences in the 1,430 nt sequence characterized,
so PSB9 could be classified as A. mimigardefordensis (Figure 42a). In the case of strain PSB17, there
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was no different nucleotide with P. putida, P. fluorescens and P. plecoglossicida sequences in the
1,047 nt sequence characterized, so it was impossible to determine the strain which PSB17 belonged
at that moment (Figure 42b). Finally, strain PSB3 nBLAST analysis showed 99.91% of similarity with
Bacillus cereus, B. toyonensis and B. thuringiensis, and no differences were found in the 1,091 nt
sequence characterized (Figure 42c). With these 3 species, in spite of the incomplete identification,
that did not suppose a problem at this stage of the study, since none of them had been reported as
pathogen. Currently, B. thuringiensis is a well-known bio-insecticide (Azizoglu, 2019), and
B. toyonensis has been used as feed additive for piglets, due to its protective activity against enteric
pathogens (Kantas et al., 2015), so, in any case, PSB3 could be a strain of interest.
After a bibliographic research, seven strains were discarded due to its possible pathogenicity for
plants, humans or animals. For example, P. brassicacearum, despite it has long been studied for its
beneficial plant growth-promoting and biocontrol properties, it has also been reported as minor
pathogen that blur the boundaries between saprophytism and parasitism and, under certain
conditions can cause disease in some crops (such as tomato), causing chlorosis and necrotic lesions
(Belimov et al., 2007; M. Yang et al., 2020). Thus, it was decided to discard that strain to avoid future
possible problems. Other problematic strain is P. fluorescens, which has been described as pathogen
for bulb plants and co-pathogen in various plant diseases (Stoyanova & Bogaevska, 2015). Finally, P.
aeruginosa represses Arabidopsis seed germination and is able to infect the roots of Arabidopsis and
sweet basil (Ocimum basilicum), causing plant mortality after 7 days of inoculation (Chahtane et al.,
2018; Walker et al., 2004).
On the other hand, P. oryzihabitans was discarded due to its human and animal pathogenicity,
since it has been considered as nosocomial pathogen, involved in infections in immunocompromised
hosts (Woo et al., 2014).
Taking into account all these facts, the isolates selected for the following assays were: Bacillus
megaterium PSB1 (recently re-named Pristia megaterium), Pseudomonas plecoglossicida PSB2,
Bacillus sp. PSB3, Pantoea eucrina PSB4, Achromobacter xylosoxidans PSB5, Pseudomonas
koreensis PSB6, Burkholderia fungorum PSB7, Enterobacter cloacae PSB8, and Advenella
mimigardefordensis PSB9.
Some of the selected strains are well-known PSB strains: Bacillus sp., for example, have already
shown antifungal capabilities and plant hormone production (Astriani et al., 2020; Etesami et al.,
2017; Kang et al., 2014; S. C. Wu et al., 2005); B. fungorum have been deeply described as PSM before,
and it has been reported that it is one of the PSB described so far, that reaches the lowest pH values,
due to its high organic acid production (de Amaral Leite et al., 2020; Martins da Costa et al., 2015);
E. cloacae has also been described as PSM, mainly due to its phytase production (Kalsi et al., 2016);
and last but not least, Pseudomonas sp. are also well-known PSM, since P. koreensis has already been
reported as phosphate solubilizer in NBRIP medium (and also as PGPR in Medicago plants or as
nitrogen-fixator) (Álvarez et al., 2012; Ben Zineb et al., 2020), and P. plecoglossicida strain, isolated

130

a
PSB9
A. mimigardefordensis
A. kashmirensis

…

…

…

b
PSB17
P. plecoglossicida
P. putida
P. fluorescens

c
PSB3
B. toyonensis
B. cereus
B. thuringiensis

Figure 42. Alignment of the 16s rRNA gene sequence characterized of (a) the isolate PSB9 with A. mimigardefordensis and A. kashmirensis, (b) the isolate PSB17 with P. plecoglossicida, P putida
and P. fluorescens, and (c) the isolate PSB3 with B. toyonensis, B. cereus and B. thuringiensis. Arrows indicate the sites with different sequences between the analysed strains.
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from soybean rhizospheric soils, has recently been described as phosphate solubilizer and
indoleacetic acid producer (Astriani et al., 2020).
On the other hand, A. xylosoxidans is a lesser-known strain, but has also been previously described
as PSB, after being isolated from wheat root by Jha and Kumar (2009). Finally, we could not find any
report about A. mimigardefordensis and P. eucrina as PSB. Nevertheless, it has been reported that
some close strains showed phosphate solubilizing capabilities: for example, Advenella incenata
showed P-solubilization skills into NBRIP solid medium. This may indicate that A. mimigardefordensis
could also show similar skills (Espinosa-Victoria et al., 2009). There have also been described some
Pantoea strains that synthesize phytases, so they could act as phosphate solubilizers (Suleimanova,
Toymentseva, et al., 2015). As far as we know, the present study is the first time that both strains
(A. mimigardefordensis and P. eucrina) are reported as phosphate solubilizing microorganisms, since
it has been shown that they are able to solubilize tricalcium phosphate in NBRIP solid medium.

3.2. Endospores formation
After the assay, just two isolates showed endospore formation skills: B. megaterium PSB1 and
Bacillus sp. PSB3. It is not a surprise since Bacillus sp. are well known endospore producers (Vos et
al., 2011).

3.3. Analysis of the phosphate solubilization capabilities in liquid medium
The phosphorus solubilization assay in solid medium showed, qualitatively, which strains were
able to solubilize P. Thus, to quantify this P solubilization, the nine isolates were grown into NBRIP
liquid medium with tricalcium phosphate as sole P source.
The growth of each strain is shown in Figure 43, whereas pH evolution is represented in Figure 44.
The maximum soluble orthophosphate concentration was detected for E. cloacae (2.04 mM), after
17 days of growth, followed by B. fungorum (1.92 mM, at day 10 of incubation) and P. koreensis and
P. plecoglossicida (1.68 mM and 1.59 mM, respectively) after 17 and 11 days growing (Figure 45). It
can be observed that the pH of B. fungorum and P. plecoglossicida assays decreased until day 11,
when both reached their maximum solubilization levels (Figure 43 and 44). Regarding the drop in pH
observed for these strains, it has been proposed that it could be related to organic acid synthesis,
which has been described as one of the main mechanisms of P solubilization (Wei, Zhao, et al., 2018).
On the contrary, B. fungorum should exhibit other complementary mechanisms, since it was the
second greatest solubilizing strain, but showed the fourth lowest pH. Therefore, it seemed
interesting to deep into the analysis of the mechanisms that could be using the different strains to
solubilize P. In addition, it is interesting to note how the amount of soluble P in the medium
decreased after reaching the highest level in the case of B. fungorum. That could be explained as
auto-consumption by the bacteria, or as a change in its metabolism, since a very marked increase in
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the pH of the medium could be observed only 24 h before this consumption started. Furthermore,
Bacillus sp. and B. megaterium showed the poorest P solubilization values. In fact, Bacillus sp. hardly
solubilized P during the first 12 days of the experiment. This could be explained by their poor growth
in NBRIP medium (between 103 and 105 cells/mL) (Figure 43), since we know that both strains are
able to grow up to 108 cells/mL in NB liquid medium (data not shown). In both cases, a rather slow
decrease in pH values was observed, compared to the rest of the strains, taking more than 13 days
to reach values close to 5 - 5.5. On the contrary, it has been reported that P. eucrina is able to
decrease the pH of the medium from 7.0 up to 3.91 in 24 h (Suleimanova, Beinhauer, et al., 2015).
Remarkably, no significant positive correlation was found between P solubilization in liquid media
and the halozone produced in solid media, since A. xylosoxidans showed the second highest levels
in the solid medium assay and was the third lowest solubilizer in liquid medium. This result is
concomitant with that described by Alam et al. (2013), who states that a halozone production on
solid medium let recognize a PSM, but it does not provide a good quantitative estimation of P
solubilizing capabilities.

Growth in NBRIP liquid medium, 150 rpm 30ᵒC
1.0E+08
Bacillus megaterium

(cells/mL)

Pseudomonas plecoglossicida
Bacillus sp.

1.0E+06

Achromobacter xylosoxidans
1.0E+05

Pseudomonas koreensis
Pantoea eucrina

1.0E+04
Burkholderia fungorum
Enterobacter cloacae

1.0E+03

Advenella mimigardefordensis
1.0E+02
0

2

4

6

8
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12
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Figure 43. Growth of isolates PSB1 to PSB9 in NBRIP liquid medium. Data shown (with SD) are the average of three
independent experiments.
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P0 solubilization in NBRIP liquid medium, 150 rpm 30ᵒC
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Pseudomonas koreensis
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Figure 44. Evolution of phosphate solubilization in NBRIP liquid medium by bacterial isolates PSB1 to PSB9. Data shown (with
SD) are the average of three independent experiments.

pH in NBRIP liquid medium fermentation, 150 rpm 30ᵒC
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Figure 45. pH of the supernatant in the fermentation for phosphate solubilization quantification in NBRIP liquid medium. Data
shown (with SD) are the average of three independent experiments.
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3.4. Analysis of different P solubilization mechanisms
3.4.1. Acidic and alkaline phosphatase activity determination
The first P solubilization mechanism that was analysed was the production of both intracellular
and extracellular acid and alkaline phosphatases. B. megaterium PSB1 exhibited the highest levels of
both acidic and alkaline extracellular phosphatase, with Bacillus sp. PSB3 and P. eucrina PSB6 also
showed moderate levels of both activities (Figure 46). The rest of the strains showed relatively low
extracellular phosphatase levels. In general, intracellular phosphatase levels are not remarkable,
except in the case of B. fungorum. P solubilization is mainly carried out by extracellular phosphatase
activities, and accordingly, it made sense to detect the highest levels of extracellular phosphatase
activity for both acid and alkaline phosphatases. Similar results had been reported in Bacillus
thuringiensis (Ambreen et al., 2020). Finally, most of the isolated did not exhibited significant levels
of acidic intracellular phosphatases.
Curiously, it has been previously reported the production of acid and alkaline phosphatase in
Enterobacter sp. and Pseudomonas sp., but, in our case, these two strains showed relatively low
extracellular phosphatase levels (Krey et al., 2011; S. Srivastava & Srivastava, 2020).

Phosphatase activity
Chapter 3

120.0

mU/ µg total

100.0
80.0
60.0
40.0
20.0
0.0

Intr. acid

Intr. alk.

Extrac. acid

Extr. alk.

Figure 46. Intracellular and extracellular, acid and alkaline phosphatase determination in the nine selected PSB strains in
TSB liquid medium after 48 h of incubation at 30ᵒC and 150 rpm. Data shown (with SD) are the average of three independent
experiments.
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On the contrary, B. megaterium was the strain showing the highest acid and alkaline extracellular
phosphatase activities, but it is the second lowest P solubilizer strain in the NBRIP liquid medium
assay. This result could be explained if we take into account that phosphatases are mainly involved
in the solubilization of P from organic matter of soil (organic P), and the assay carried out in NBRIP
medium use inorganic P.
Otherwise, these results lead us to think that it was possible that both Bacillus strains were
consuming part of the solubilized P, since in view of these data, solubilization values higher than
those shown in the P solubilization test in NBRIP liquid medium would had been expected.
Finally, we would speculate that strains such as B. fungorum or E. cloacae can use other
solubilization mechanisms to achieve such high solubilization rates in the NBRIP liquid medium assay.

3.4.2. Phytase production
Phytase activity was detected in all the isolates in liquid
medium, although activitiy levels ranged between 40.59 to
142.98 mU/mL, being A. mimigardefordensis the strain exhibiting
the highest level of phytase biosynthesis and E. cloacae the lowest
one (Figure 48). Interestingly, E. cloacae, Bacillus sp., P. koreensis
and P. eucrina had not shown halozone in PSM solid medium. Thus,
it could be concluded that phytase production was not detected in
solid medium when production is below 65 mU/mL.

Figure 47. Phytase detection for
B. fungorum PSB7 on PSM solid
medium after three days of
incubation at 30ᵒC.

Phytase production (mU/mL) in liquid medium
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50

E. cloacae
A. mimigardefordensis

00
Figure 48. Phytase production in PSM liquid medium for the nine selected PSB strains after 7 days growing at 30ᵒC and 150
rpm. Data shown (with SD) are the average of three independent experiments.
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Phytase production has been reported in several strains related with the nine assayed isolates:
Bacillus sp., Klebsiella terrigena, Pseudomonas sp., Enterobacter sp., Burkholderia sp. and
Advenella sp. (Ramírez & Kloepper, 2010; B. Singh & Satyanarayana, 2011; P. Singh et al., 2014;
Suleimanova, Beinhauer, et al., 2015). Nevertheless, it can be reported that phytase activity is
inherent to each strain, since after characterizing four different isolates, identified as Advenella sp.,
Singh et al. (2014) described that all of them showed large production differences (from 0.076 to
0.174 U/mL).
Interestingly, some of these low-phosphatase activity strains like A. xylosoxidans,
A. mimigardefordensis, B. fungorum, and P. plecoglossicida exhibited the highest levels of phytase
activity. Nevertheless, E. cloacae was the strain with the lowest capability to produce both phytase
and phosphatase activities (Table 18).
Table 19. Extracellular phosphatase and phytase activities of PSB isolates. Values showed are the means (with SD)
of two independent experiments made by triplicate.

Acidic phosphatase
(mU/μg protein)

Alkaline phosphatase
(mU/μg protein)

Phytase
(mU/ml)

B. megaterium PSB1

80.83 (± 1.9)

94.10 (± 11.6)

67.70 (± 10.2)

P. plecoglossicida PSB2

4.70 (± 0.3)

2.70 (± 0.1)

99.20 (± 17.7)

Bacillus sp. PSB3

29.00 (± 3.6)

10.70 (± 2.9)

47.20 (± 11.4)

P. eucrina PSB4

34.62 (± 1.6)

41.54 (± 3.4)

64.00 (± 12.6)

A. xylosoxidans PSB5

0.91 (± 0.1)

1.56 (± 0.7)

143.00 (± 14.7)

P. koreensis PSB6

1.55 (± 0.2)

2.45 (± 0.4)

57.40 (± 9.4)

B. fungorum PSB7

2.86 (± 0.4)

2.88 (± 0.7)

110.10 (± 33.6)

E. cloacae PSB8

0.91 (± 0.2)

0.95 (± 0.3)

40.60 (± 5.1)

A. mimigardefordensis PSB9

2.72 (± 1.1)

2.91 (± 0.6)

135.60 (± 48.2)

3.4.3. Organic acid biosynthesis
The detection of some of the most organic acids involved in phosphorus solubilization was carried
out in NBRIP liquid medium. After replacing the P source with potassium phosphate, P. eucrina could
not grow in the NBRIP medium.
HPLC always indicated that a first peak close to 17.5 min retention time (peak 1, Figure 49) is
observed in all the samples. It probably corresponds to some compound of the NBRIP medium, since
it also appeared in the blank (non-inoculated NBRIP) samples. In addition, a peak was observed close
to 25.0 min at every sample. It corresponds to the glucose present in the NBRIP medium (Figure 49).
All the strain produced formic acid during the first 48 h (Table 21), which seemed to be
metabolized, since it disappeared at larger fermentation times. Its disappearance seemed to be
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related to the subsequent appearance of peaks 6 (retention time 39.3 min) and 7 (retention time
40.7 min), which could suggest that these peaks might correspond to compounds related to the
metabolism or modifications of formic acid, although, unfortunately, they could not be identified.
Some of the strains (P. plecoglossicida, P. koreensis, B. Fungorum, E. cloacae and
A. mimigardefordensis), produced citric acid after 72 hours of fermentation (Peak 2 in Figure 49b).
All of them produced a compound with a very similar retention time (21.5 min) during the previous
hours. It is very possible that this compound is related to the metabolism of citric acid, although,
again, it could not be identified. Interestingly, the pH-drop during the P solubilization assay in NBRIP
liquid medium occurred during the first 48 hours (Figure 45). Thus, a relation between the
production of citric acid (and its derivatives), with the drastic decrease in pH, and the beginning of
phosphorus solubilization could be observed. It has already been reported that citric acid is one of
the main acids in the P solubilization from PSM. Acidity has a significant influence on the P solubilizing
capacity of PSM. Thus, citric acid has a very high acidity constant, so it has an important effect on
extracellular pH (Wei, Zhao, et al., 2018; Zúñiga-Silgado et al., 2020). The three strains that showed
the highest levels of citric acid production were B. fungorum, P. plecoglossicida and P. koreensis
(Table 20), which are three of the strains that reached more acidic pH in the P solubilization in NBRIP
liquid medium assay.
Finally, only P. plecoglossicida showed production of tartaric acid, and E. cloacae was the only
one producing a compound with a retention time of 43.9 min (peak 8 in Table 21), which could not
be identified.
Table 20. Retention time of the organic acids analysed by HPLC using 0.005 M H2SO4 as mobile phase.
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Compound

Retention time (min)

Citric acid
Tartaric acid
Oxalic acid
Glucose
Malic acid
Succinic acid
Lactic acid
Formic acid
Acetic acid

22.360
23.188
24.376
25.232
26.099
31.367
33.084
34.600
37.368

Results and Discussion

MV

Glucose

NBRIP medium
Bacillus sp. 48 h
Bacillus sp. 96 h

1

6
Formic acid

7

min
NBRIP medium
P. koreensis 48 h
P. koreensis 96 h
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MV

Glucose

1

Citric acid
Formic acid

2

6

7

min
Figure 49. HPLC analysis of Bacillus sp. (up) and P. koreensis (down) extract in modified NBRIP liquid medium at 48 and 96
h of fermentation.
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Table 21. Determination of the organic acid production by the PSB analysed. The concentration of the compounds identified was quantified (mg/mL) while the secretion
of the rest of the compounds is indicated by their peak area.

Retention time

Peak 2
(cm2)

Citric acid
(mg/mL)

Tartaric acid
(mg/L)

Glucose
(mg/mL)

Formic acid
(mg/mL)

Peak 6
(cm2)

21.521

22.360

23.188

24.376

34.600

39.272

3.468

24 h

2.946

0.492

2.837

0.468

Bacillus sp.

P. plecoglossicida

B. megaterium

NBRIP medium
48 h
72 h

2.894

96 h

43.211

2.900

120 h

55.384

2.803

438.444

144 h

51.689

2.896

408.966

24 h

215.689

2.366

0.408

48 h

37.199

2.526

0.474

0.040

Peak 8
(cm2)

40.722

43.898

489769.5

30.746

72 h

Peak 7
(cm2)

421.811
396.753

0.220

2.374

449.289

0.418

2.098

429.359

120 h

0.484

1.704

144 h

0.655

96 h

13.472

380.040

1.753

423.837

24 h

2.761

0.448

48 h

2.938

0.813

72 h

2.795

685.351

96 h

2.830

734.257

120 h

2.747

621.095

144 h

2.398

521.372

196.202

Table 21. (Continued)

Peak 2
(cm2)

Citric acid
(mg/mL)

Tartaric acid
(mg/L)

Glucose (mg/mL)

Formic acid
(mg/mL)

Peak 6
(cm2)

Peak 7
(cm2)

Peak 8
(cm2)

21.521

22.36

23.188

24.376

34.600

39.272

40.722

43.898

24 h

2.753

0.443

48 h

2.859

0.467

72 h

2.843

96 h

3.368

524.727

120 h

3.026

420.209

A. xylosoxidans

Retention time

P. koreensis

144 h

2.452

378.242

24 h

228.662

2.701

0.520

48 h

344.200

2.503

0.517

72 h

0.353

2.621

443.673

96 h

0.364

2.626

461.570

120 h

0.340

2.467

424.944

144 h

0.284

2.049

443.103

24 h
B. fungorum

386.575

48 h

136.594

2.749

0.500

2.605

0.513

72 h

0.502

2.196

455.946

96 h

0.748

1.938

475.903

120 h

0.796

1.525

398.473

144 h

0.935

1.520

465.784

Table 21. (Continued)

Citric acid
(mg/mL)

Tartaric acid
(mg/L)

Glucose
(mg/mL)

Formic acid
(mg/mL)

Peak 6
(cm2)

Peak 7
(cm2)

Peak 8
(cm2)

Retention time

21.521

22.36

23.188

24.376

34.600

39.272

40.722

43.898

24 h

35.530

2.682

0.478

48 h

37.638

2.681

0.501

A. mimigardefordensis

E. cloacae

Peak 2
(cm2)

72 h

0.015

2.644

96 h

0.028

2.421

453.667

120 h

0.022

2.500

429.238

144 h

0.022

24 h
48 h

20.048

418.479

2.497

35.560

450.979

2.926

0.489

3.066

0.520

72 h

0.021

3.063

96 h

0.027

3.083

448.643

120 h

0.033

3.054

468.907

144 h

0.029

3.039

443.916

48.688

421.903
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3.4.4. Siderophore production
As detailed in the introduction, siderophore production is an important skill of PGPR. On the one
hand, the production of siderophores favours P solubilization, since the siderophores react mainly
with trivalent cations like iron and aluminium present in acidic and neutral soils, respectively,
preventing them from binding to free phosphorus. Thus, the synthesis of siderophores is one of the
indirect mechanisms of P solubilization used by several microorganisms On the other hand, iron
sequestration has been related to the prevention of phytopathogen infections in crops (Gu et al.,
2020).
For these reasons, siderophore production was determined by plating the nine isolates onto CAS
agar medium containing chrome azurol (CAS) and hexadecyltrimethylammonium bromide (HDTMA),
also known as CTAB, as indicators. Only B. megaterium PSB1 and B. fungorum PSB7 strains showed
positive results, by forming an halozone surrounding the colony on CAS agar medium. Nevertheless,
it was not possible to determine if, as in the case of phytase detection in agar plates, the rest of the
strains could exhibit a lower siderophore production than the necessary one for its detection in agar
plates.
Thus, some members from Pseudomonas genera have been described as siderophore productors.
Nevertheless, none of the two Pseudomonas isolates produced halozone on CAS agar plates
(Sasirekha & Srividya, 2016; Vindeirinho et al., 2021).
Chapter 3

3.4.5. HCN production
HCN (hydrogen cyanide) has been commonly described as a biocontrol factor against
phytopathogens. Nevertheless, it has been reported that it does not intervene in the toxicity against
microorganisms per se, but HCN sequesters the iron present in the soil, as occurs with siderophores.
Phytopathogen biocontrol by iron competition has been described in siderophore producers, which
are able to inhibit phytopathogen infections (Gu et al., 2020). Moreover, HCN production could be
an indirect mechanism of phosphorus solubilization in soil, in the same way that siderophore
production is: iron sequestration could prevent it from binding free phosphate, which remains
available in solution for its assimilation by plants (Backer et al., 2018; Rijavec & Lapanje, 2016).
After 7 days of incubation, the only HCN producer was B. fungorum PSB7. Nevertheless, it has
been previously reported that B. megaterium and Pseudomonas sp. can produce HCN when grown
onto King’s B broth (Abd El-Rahman et al., 2019; N. Khan et al., 2020). Thus, despite Pseudomonas
and Bacillus species did not show HCN production onto NB agar plates, it is possible that the
production of HCN could depend in some strains on the culture media used in the assay (Ahmad et
al., 2008), or, alternatively, is a strain-dependent trait.
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3.5. Miscellaneous plant growth-promoting traits
3.5.1. Indoleacetic acid production
Under natural conditions, plant roots excrete several organic compounds, including tryptophan,
which can be used by the rhizobacteria for IAA biosynthesis. The IAA production by rhizobacteria can
help to activate the non-native plant response to resist biotic and abiotic stress conditions. IAA is
considered one of the most important phytohormones, and its production by PGPRs can vary
between different species and strains and it is greatly influenced by culture conditions (Lebrazi et al.,
2020). In this case, all the tested isolates, with the exception of A. mimigardefordensis, which could
not grow in these conditions, were able to produce IAA at different levels, being E. cloacae the strain
showing the higher production of this phytohormone (88.52 µg/mL) well above the rest (Figure 50).
IAA is related to the development, directly or indirectly, of roots and leaves (lateral root elongation,
leaf growth, etc.). Thus, it is expected that those strains that produce higher levels of IAA will
enhance crop development.

Culture growth in NB + trp 1 g/L, 150 rpm 30ᵒC
1.E+11

IAA production in NB + trp 1 g/L, 150 rpm 30ᵒC

100

1.E+10
80

[IAA] (µg/mL)

(cells/mL)

1.E+09
1.E+08
1.E+07

60

40

1.E+06
20

1.E+05
1.E+04

0
0

5

10

0

2

Days

4

6

8

10

Days
B. megaterium
Bacillus sp.
P. koreensis
E. cloacae

P. plecoglossicida
A. xylosoxidans
B. fungorum
P. eucrina

Figure 50. Growth of PSB1 to PSB9 isolates (left) and evolution of IAA production (right) in NB liquid medium, supplemented
with 1 g/L trp. Data shown (with SD) are the average of three independent experiments.
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3.5.2. Zn solubilization
About almost 50% of the world’s soils used for cereal production have low available Zn, which
causes reduction in yield and nutritional quality of grains (Mumtaz et al., 2017). For this reason, the
ability to solubilize Zn from Zn(PO4)2 and ZnO was analysed for isolates PSB1 to PSB9. None of the
strains solubilized ZnO, and just three of them could solubilize Zn(PO4)2, showing P. koreensis the
higher solubilization efficiency (SE) (Figure 51).
Some Bacillus strains have been already described as good Zn solubilizers onto tris-minimal
medium, but none of our Bacillus isolates showed Zn-solubilization skills (Mumtaz et al., 2017).
However, it seems that Zn solubilization is more related with the composition of the soil sample from
the isolation, than the isolate strain per se, since only 20 of 115 Bacillus isolates showed Zn
solubilization skills as reported by Khande et al. (2017). These strains were isolated from a soil rich
in soluble Zn, so those microorganisms did not need to solubilize Zn. Besides, in our assay, it can be
observed that the strains showed huge SD, so the Zn-solubilization skills were not homogeneous.

3.5.3. K solubilization

Thus, five of our isolates showed K-solubilization skills on agar plate, reaching E. cloacae the
highest values (Figure 51). This strain had already been described as high K-solubilizer, as well as
B. fungorum and Pseudomonas sp. (Dong et al., 2019; Sun et al., 2020). However, K solubilization can
vary depending on different mineral K sources (trisilicate, feldspar, biotite, mica, bentonite…), so in
silico results could be different than in vivo results, since these results are just for potassium-feldspar
assay (Etesami et al., 2017). This is due to the fact that the main mechanism for K solubilization is
the biosynthesis and secretion of organic acids, which production strongly depends on the growth
medium. Different organic acids are involved in the solubilization of insoluble K, but tartaric acid,
citric acid, succinic acid, α-ketogluconic acid, and oxalic acid are the most prominent acids involved
(Etesami et al., 2017; Sun et al., 2020)
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It has been reported that between 1 and 10% of K soil is precipitated and non-disposable for
crops. Thus, it could be also interesting to analyse the K-solubilization skills of the isolates as an asset
for biofertilizers formulation. Besides, inoculation with potassium solubilizing bacteria (KSB) has
been related with the enhance of seed germination, seedling vigour, and root and plant growth
(Etesami et al., 2017).
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Zn solubilization
750

200

500

SE

SE

250

150

250

100

0

Figure 51. Zn solubilization efficiency (SE) in Tris minimal solid medium for the nine selected PSB strains (left), and K
solubilization efficiency (SE) in Aleksandrov solid (right) after 7 days growing at 30ᵒC. Data shown (with SD) are the average
of three independent experiments.

3.6. Greenhouse pot experiment
The main objective of a biofertilizer is to improve the development of the crop. Therefore, the
effect of the nine isolates on barley crops was analysed in a greenhouse pot experiment. In this case,
pots were provided with all the necessary nutrients, except phosphorus, which was supplied as
tricalcium phosphate, an insoluble source of P. A positive control was supplemented with soluble
phosphorus, to determine the growth of barley under normal conditions. Besides, to analyse the real
effect of the isolates, an uninoculated negative control without any other P source was also used.
The average number of plants developed per pot, ranged between 7.33 (73.3% of seeds
germinated for Bacillus sp. treatment) and 8.67, for both negative and positive controls, although no
significant differences were observed between treatments (Table 22). In a similar way, no significant
differences were detected for the ear number obtained per pot, with values ranging from 10.67
(negative control) to 11.78 (positive control). Once the plants had completed their growth cycle they
were uprooted and dry weight was determined for both roots and shoots. Again, no significant
differences were observed in the root dry weight.
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After the analysis, the average height of the negative control barley plants was significantly lower
than in the rest of the treatments (Figure 52). In fact, some of the isolates (B. megaterium,
A. xylosoxidans, P. koreensis, B. fungorum and A. mimigardefordensis) were even able to cause a
greater height growth than that observed in the positive control plants (Figure 53a). Negative control
also showed the lowest average stems dry weight, although significant differences were only
observed in the treatments with B. megaterium, Bacillus sp., A. xylosoxidans and
A. mimigardefordensis, which exhibited the highest values for dry weight and height stems (Figure
53b).
P assimilation was much higher in stems than in roots (Figures 53c and 54a). The highest values
were obtained in plants from the positive control and A. mimigardefordensis treatment, respectively.
Besides, the mean P-assimilation for the negative control plants, in both root and shoot, was lower
than for the rest of the conditions. This poor P-assimilation caused a negative effect on the
maturation of the plants and spikes in the negative control plants. As a result, they showed a high
rate of green or immature ears, as well as purple stems (Figure 52). All the treatments were able to
reverse this deficiency in plant growth and maturation of the ears, with significant differences
between all the isolates regarding negative control. In that sense, again, negative control plants
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Figure 52. Pots of barley inoculated with B. fungorum (left) and negative control in the greenhouse pot assay after 3 months.
Note the great difference regarding the development in height of the plants, how the ears of the negative control are not
able to reach a correct maturity, and how its stems have a purple colour the base of the plant.
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showed the lowest mean ears dry weight values, being significant differences detected regarding
treatments of B. megaterium, Bacillus sp., P. eucrina, P. koreensis, B. fungorum and
A. mimigardefordensis (Figure 53d). We could also observe that the total starch / glucose content of
the negative control spikes was the lowest of all the treatments, and significant differences were
detected with all treatments, except A. xylosoxidans and E. cloacae (Figure 54b).
Therefore, higher levels of P assimilation in both roots and stems may be strongly associated
with a greater crop development, although it was not the only factor involved. The statistical analysis
showed that there was no correlation between the assimilation of P in the stems and the general
growth of the plant (Table 22). However, it appears that there was a correlation between the P
assimilated in the roots and the plant development.
On the other hand, we did not find any correlation between the levels of P solubilization in NBRIP
liquid medium and the P assimilation in crops. Plants are known to exert some control over their
rhizospheric microbiome by synthesizing and exuding some compounds to recruit specific species,
which generate some species-specific microbial communities (Backer et al., 2018; T. Lu et al., 2018;
Qu et al., 2020). Therefore, it should be expected that some species with low P solubilization capacity
could be effectively integrated into the rhizosphere biome, while others, that showed higher levels
of solubilization, did not
In conclusion, in a general way, the two strains that showed the greatest effects promoting the
growth of barley crops in the greenhouse pots assay were A. mimigardefordensis and B. megaterium.
Table 22. Different parameters of barley plants inoculated with different PSB strains in greenhouse pot experiment. The
results showed are the means (with SD) of two independent experiments made by triplicate.
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Isolate

Number of plants per
pot

Number of ears per
pot

Bacillus megaterium PSB1

8.22 (± 0.67)

11.67 (± 1.22)

Pseudomonas plecoglossicida PSB2

8.56 (± 1.01)

11.44 (± 1.13)

Bacillus sp. PSB3

7.33 (± 1.12)

11.00 (± 0.87)

Pantoea eucrina PSB4

7.89 (± 0.78)

11.56 (± 1.42)

Achromobacter xylosoxidans PSB5

8.22 (± 0.87)

11.56 (± 1.81)

Pseudomonas koreensis PSB6

8.33 (± 1.22)

11.11 (± 0.78)

Burkholderia fungorum PSB7

8.11 (± 1.27)

10.33 (± 0.87)

Enterobacter cloacae PSB8

9.00 (± 1.22)

11.67 (± 1.66)

Advenella mimigardefordensis PSB9

8.22 (± 1.09)

11.67 (± 1.00)

Control (+)

8.67 (± 0.71)

11.78 (± 1.09)

Control (-)

8.67 (± 0.87)

10.67 (± 1.32)
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Table 23. Study of the statistical correlation between some of the study variables in the greenhouse pot experiment. The
results showed correspond to the Spearman’s correlation coefficient. Those data with statistical significance (p-value <0.05)
are highlighted in pink.

Strain

Stem
height

Stem dry
weight

Stem P0
assimilated

Root dry
weight

Root P0
assimilated

Spike dry
weight

Strain

1

Stem height

0.009

1

Stem dry weight

0

0

1

Stem P0
assimilated

0.324

0.249

0.491

1

Root dry weight

0.016

0.000

0

0.394

1

Root P0 assimilated

0.939

0.004

0.351

0.163

0.116

1

Spike dry weight

0

0

0

0.61

0

0.016

1

Glucose in spikes

0.738

0.937

0.231

0.931

0.251

0.985

0.010

Glucose
in spikes

1
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a

b

Height (cm) of the aerial part of the plant

c; 47.38
c; 49.48
c; 47.93
c; 47.43
bc; 46.24
b; 45.44
c; 47.03
50.00
b; 44.65
b; 42.92
b; 42.95
a; 38.70

40.00

Stem dry weight (g)

8.00
7.00 a; 6.13
6.00

a; 6.60
b; 5.81

a; 6.31

a; 6.07
c; 5.94

c; 6.21
b; 5.83

b; 5.69
b; 4.91

5.00
30.00

b; 3.91

4.00

20.00

10.00

3.00

B. megaterium

2.00

P. plecoglossicida

1.00
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P. eucrina

0.00

0.00
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c

d

Total P0 assimilated in aerial system (mg)
-; 100.43
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bcd; 7.80
9.0 bcd; 8.00
bcd; 7.65
bcd; 7.51
abcd; 7.02
abcd; 7.38
bc; 7.23
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abcd; 6.18
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abcd; 6.96

A. mimigardefordensis
Control +
Control -

a; 3.35

4.0

b; 23.84
b; 25.46
b; 27.67
b; 29.30
40.00
b; 29.36
b; 23.19
a; 17.18
a; 17.91
a; 15.38

0.00

bcd; 8.63

6.0

80.00

20.00

B. fungorum

10.0

140.00
120.00

P. koreensis

Barley spikes dry weight (g)

3.0
2.0
a; 8.30

1.0
0.0

Figure 53. Effect on barley plants inoculated with different PSB strains at the end of the experiment: height of the aerial part of the plant (A), stem dry weight (B), total phosphorus
assimilated in aerial system (C) and dry weight of ears (D). The data shown correspond to the average of 9 replicates and each replica corresponded to 10 plants sown per pot.
Bars marked with the same letter are not significantly different (P ≥ 0.05).
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Figure 54. Effect on barley plants inoculated with different PSB strains at the end of the experiment: phosphorus assimilated in the root system (A), total glucose in the ears (B),
percentage of immature green barley ears at the end of the experiment (C) and average of the dry weight of each ear (D). The data shown correspond to the average of 9 replicates
and each replica corresponded to 10 plants sown per pot. Bars marked with the same letter are not significantly different (P ≥ 0.05).
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3.7. In vitro germination assay
Although the number of plants per pot in the greenhouse pot experiment did not show
significant differences, an in-depth assay was carried out to determine the putative effect of three
PSB selected strains on the germination process. Data were analyzed once the control had reached
80% of germinated seeds, which occurred after four days of incubation. The results suggested that
A. mimigardefordensis and, especially, the co-inoculation of A. mimigardefordensis with
B. megaterium, seemed to stimulate the growth and development of roots and stems (Figure 55).
However, the statistical study did not show significant differences when comparing inoculated seeds
and negative controls. This may be due to the high standard deviations that existed in these two
treatments. These deviations were a consequence of those seeds with late germination, which
although had roots with more than 2 mm (and therefore they were quantified in the study), those
were much shorter than those exhibited by the rest of the seeds in the plate (Figure 56c). In general,
A. mimigardefordensis when inoculated alone, or in combination with B. megaterium showed
improved stem and root elongation, and even greater development of adventitious roots (Figures
56a and 56b).
Some potassium-solubilizer strains have been related with germination enhancement and
seedling vigor improvement (Etesami et al., 2017). In this case, it was not detected an increase at
germination ratio, but the seeds inoculated with A. mimigardefordensis showed higher plant growth
and longer roots with further development of secondary roots.

Germination assay
600.0
A. mimigardefordensis
500.0
A. mimigardefordensis + B. megaterium
400.0
B. megaterium

300.0

200.0

B. megaterium + Bacillus sp.

100.0

Bacillus sp.

0.0

RGP

RRG

IG

Figure 55. In vitro germination assay for three selected strains and their combination for Relative Germination Percentage
(RGP), the Relative Radicle Growth (RRG) and the Germination Index (GI) results. Data shown (with SD) are the average of
three independent experiments.
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a
c
b

Figure 56. (a) Picture slowing the root development in the germination assay of a sample co-inoculated with
A. mimigardefordensis and B. megaterium after four days of incubation. (b) Comparison of barley seeds development
inoculated with A. mimigardefordensis + B. megaterium (left), and the negative control (right) in the germination assay
after 4 days of incubation. (c) Picture of one plate inoculated with A. mimigardefordensis in the germination assay after 3
days of incubation. The arrow indicates one of the seeds with late germination, which had a much shorter root development
than the rest in the treatment, which generates very large standard deviations in the statistical study.

The antifungal activity of the isolates PSB1 to PSB9 was bioassayed against some well-known
fungal pathogens, which affect several crops, including barley, like Alternaria sp., Botrytis cinerea,
Fusarium oxysporum, Pleospora herbarum, Nigrospora oyzae, and Rhizoctonia solani. Bioassays were
carried out in nine different agar media, but ISP5 and ISP7 were the only ones that supported the
growth of all fungal and bacterial strains tested in the bioassay. Differences in the inhibition index of
one strain against the same pathogen were detected depending on the culture medium.
A radar graph was made with all the results obtained from the inhibition index of each strain in
each medium, and the total area for each PSB-fungal strain was calculated. In this way, it was
possible to determine, in a general way, the strains that exhibited the highest antifungal activity in
each medium. In general, A. xylosoxidans and P. koreensis showed the highest antifungal inhibition
capacities, followed by B. fungorum, P. plecoglossicida and B. megaterium (Figures 57 and 58). On
the contrary, P eucrina did not show any type of antifungal activity in ISP5 medium, and poor
antagonic effect on ISP7.
Two strains showed the best antifungal activity in general terms, A. xylosoxidans and P. koreensis.
It has been previously reported that both strains exhibit antibacterial or antifungal activity against
crop pathogens, reducing or even inhibiting the growth of fungus like F. oxysporum or Alternaria sp.
(Dhaouadi et al., 2019; Kaur et al., 2019; Rafikova et al., 2016).
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It is interesting to note that, in most cases, some strains showed hardly any antifungal activity
against one of the fungi in one medium, and exhibited very high growth inhibition against the same
pathogen in another medium. This fact made us think that the isolates can exhibit different
antifungal mechanisms against the different fungi, and therefore the activity could depend on the
culture medium composition. For example, B. megaterium PSB1 exhibited a total inhibition of B.
cinerea and Alternaria sp. growth, and also a good antifungal activity against F. oxysporum (inhibition
index of 96,5%) and N. oryzae (94.9%) in ISP5 agar medium. On the contrary, B. megaterium did not
show any antifungal activity against P. herbarum in the same medium. However, the inhibition rate
on ISP7 against P. herbarum was, on average, 71.9%. Another clear example is A. xylosoxidans, which
showed almost total inhibition percentages for all fungi except P. herbarum on ISP5 medium. On the
contrary, the inhibition rate on ISP7 was 87.2% against P. herbarum, while it did not show any effect
against R. solani.
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A. xylosoxidans

Figure 57. Antifungal activity of isolates PSB1 to PSB9 determined by an in vitro bioassay (dual culture technique) on ISP5 medium. Average Inhibition index (I index) from three
independent experiments are shown in a 0-100 scale. Data shown were measured for each pathogen at different times when the pathogen growth in absence of antagonist PSB
isolate (control) was 4.5 cm.

A. xylosoxidans

Figure 58. Antifungal activity of isolates PSB1 to PSB9 determined by an in vitro bioassay (dual culture technique) on ISP7 medium. Average I index from three independent
experiments are shown in a 0-100 scale. Data shown were measured for each pathogen at different times when the pathogen growth in absence of antagonist PSB isolate
(control) was 4.5 cm.

al discussion

II. Improving the phosphorus performance in soils.
The use of biofertilizers has been addressed for decades and they seem to be the future of the
agriculture industry. For some time now, P-solubilizing microorganisms have been aiming to be a
solution to the problem of the legacy P in crop soils. Thus, nine P-solubilizing bacteria were isolated
and selected: B. megaterium, P. plecoglossicida, Bacillus sp., P. eucrina, A. xylosoxidans, P. koreensis,
B. fungorum, E. cloacae and A. mimigardefordensis.
It is well-known that most of the P solubilizing strains show other plant-growth promoting skills:
mineral solubilization, plant hormones production, antimicrobial activity, and siderophore
production, among others. Thus, the skills of the nine isolates were analysed for some of these plantgrowth promoting skills. To sum up, among the nine strains tested, B. fungorum showed the best in
vitro P solubilization skills (both in solid and in liquid assays). In addition, B. fungorum was the one
that generated the highest values of assimilated P in barley plants in the greenhouse pot assay, being
able to solubilize P through all the direct and indirect mechanisms analysed: phytases and
phosphatases production, organic acid secretion, and siderophore and HCN production. Therefore,
after verifying that all the tested P-solubilizing strains were able to reverse the P deficiency in the
absence of soluble P, there are other skills to consider when choosing a strain as a biofertilizer.
Hence, the main purpose of biofertilizers is to improve crop development. In this sense, despite
the assimilation of P has been widely related to plant growth, we could observe that, for barley crops,
B. fungorum was the one that got the higher P assimilated values, but not the one that showed the
best results in the barley assay. On the contrary, B. megaterium and A. mimigardefordensis were the
strains that most improved the development of the barley crop in the greenhouse pot experiment.

-

It should be highly rhizosphere-competent and eco-friendly.
It should colonize the plant roots in significant numbers upon inoculation.
It should be compatible with other bacteria in the rhizosphere.
It should be able to promote plant growth.
It should exhibit a broad spectrum of action.
It should be tolerant of physicochemical factors like heat, desiccation, radiations and
oxidants.
It should demonstrate better competitive skills over the existing rhizobacterial
communities.

Therefore, Bacillus megaterium is a good candidate as PGPR for biofertilizer formulations. The
term rhizosphere competence was first coined by Ahmad and Baker in 1987, and was defined as “the
ability of some strain to grow and function in the developing rhizosphere” (Gupta et al., 2014).
Diverse species of Bacillus have been isolated from the rhizosphere of some crops as maize or rice.
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Thus, it is needed something else to be a good PGPR. The skills that an ideal PGPR for biofertilizer
application should fulfill have been described (Basu et al., 2021; Vejan et al., 2016):

It is no new that it is able to colonize plant roots. In fact, they have been previously isolated from the
roots of numerous plants, so they should be compatible with other bacteria in the rhizosphere
(Dahmani et al., 2020; Z. L. Liu & Sinclair, 1993; Trivedi & Pandey, 2008; Zheng & Sinclair, 2000).
Besides, Bacillus megaterium has already shown plant-growth promoting activity for Retama
monosperma, tomato plants, and Arabidopsis thaliana (Dahmani et al., 2020; Nascimento et al.,
2020; Ortíz-Castro et al., 2008; Zou et al., 2010). Thus, in view of the chapter 3 results, it can be
concluded that B. megaterium PSB1 can also improve barley’s growth, since higher stem length and
dry weight, barley ears dry weight and assimilated P in stem were obtained in the greenhouse pots
experiments. However, it is necessary to carry out more studies to affirm that it has a broad spectrum
of action, since it has not been deeply studied yet.
In addition, it is known that B. megaterium is an endospore producer. Species from Bacillus
genera are well-known producer of endospores, an interesting ability for a biofertilizer strain, not
only due to the high temperatures that are reached in the fertilizer production process, but also
because of the different climatic conditions they must face in soil. Thus, endospores are a good
solution to resist physicochemical factors, since they are highly resistant to chemical and physical
stresses, even heat, radiation, oxidative damage and chemical compounds (Vos et al., 2011).
And last but not least, it has been demonstrated that B. megaterium PSB3 shows good skills as
PGPR when compared to other strains all along chapter 3. Besides, B. megaterium showed high
antifungal skills. It is not the first time that the B. megaterium skills as biocontrol agent against crop
pathogenic fungi has been studied, since it had been previously reported that it was capable of
inhibiting F. oxysporum and A. alternata growth (Trivedi & Pandey, 2008). It is well known that
several Bacillus strains are able to produce antimicrobial agents, lytic enzymes against fungal cell
walls, or even endotoxins against a large group of insects (Azizoglu, 2019; Lastochkina et al., 2020;
Saxena et al., 2019). Regarding its antimicrobial activity, the ability of Bacillus to induce systemic
resistance of the plant through the production of compounds such as salicylic acid, ethylene or
jasmonic acid, which induce systemic resistance in plants, is also interesting. Thus, it would be
interesting to analyse the response of cultures to infection with different pathogens after inoculation
with B. megaterium (Beris et al., 2018).
All these skills make B. megaterium one of the perfect candidates for biofertilizer production
(Chen et al., 2020; Khan et al., 2020; Saxena et al., 2019). In fact, some important companies such,
as Bayer Crop Science, Syngenta or Certis, have already commercial Bacillus-based bioformulations
in agriculture, mainly with B subtilis, B. pumilus and B. amyloliquefaciens (Borriss, 2020).
On the other hand, A. mimigardefordensis has not been described as PGPR until now. This strain
is known for its ability to synthesize polythioester homopolymers (PTEs), widely used in several
industries (Wübbeler et al., 2014). However, in view of the results obtained in the greenhouse pot
assay with barley seeds, it appears to be a very promising PGPR strain.

162

However, it is still necessary its study as rhizobacterial strain and determine if it is able to colonize
the rhizosphere of the plant, if it has a broad spectrum of action, and shows a similar effect on other
crops, or if it is compatible with other bacteria present in the plant rhizosphere. We know that it is
compatible with the nine isolates in this dissertation (data not shown), and that it exhibits better
competitive skills over well-known PGPR strains such as B. fungorum or Pseudomonas sp.

Discussion
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P0: Total soluble phosphorus

Abs: Spectrophotometer absorbance

PCR: Polymerase Chain Reaction
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Plant
Rhizobacteria

AMBI: Ammonium Bicarbonate
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Promoting
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DIGE: Differential in Gel Electrophoresis
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Double-deionized

water

FAO: Food and Agriculture Organization of
the United Nations
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RISCs: Reduced
Compounds
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Polymerase Chain Reaction
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SDS-PAGE: Sodium Dodecyl Sulphate
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IEF: First-dimension isoelectric focusing

SI: Solubilization Index

L, mL, µ: liter, milliliter, microliter

SOB: Sulphur-Oxidize Bacteria

M, mM, µM, nM: molar, millimolar,
micromolar, nanomolar

Sulphur

TCP: Tricalcium Phosphate
TFA: Trifluoroacetic Acid
Trp: Tryptophan

nt: Nucleotides

Vh: Volts/hour

OD: Optical Density

v/v: Volume/volume

O/N: Over Night

w/v: Weight/volume

ORF: Open Reading Frame

w/w: Weight/weight
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N: Normal

P: Phosphorus
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Culture media

II. Culture media
* Every media was autoclaved at 121ᵒC for 20 min unless otherwise is indicated.
9K-Fe
Solution A
Composition per 500 mL (2X) (Bhatti & Yawar, 2010):
(NH4)2SO4 ................................................................................................3.00 g
MgSO4 · 7 H2O .........................................................................................0.50 g
KCl ...........................................................................................................0.10 g
K2HPO4 ....................................................................................................0.50 g
Ca(NO3)2 ..................................................................................................0.01 g
pH 2.0 ± 0.2 at 25ᵒC
Solution B
Composition per 500 mL (2X):
FeSO4 · 7 H2O ..........................................................................................44.30 g
pH 2.0 ± 0.2 at 25ᵒC
* Sterilize solution A and filter solution B through a 0.45 µm membrane and mix 1:1 (v/v) both
solutions prior to use.

9K-Na2S2O3
Solution A
Composition per 500 mL (2X) (based on 9K-Fe from Bhatti & Yawar, 2010):
(NH4)2SO4 ................................................................................................3.00 g
MgSO4 · 7 H2O .........................................................................................0.50 g
KCl ...........................................................................................................0.10 g
K2HPO4 ....................................................................................................0.50 g
Ca(NO3)2 ..................................................................................................0.01 g
pH 4.0 ± 0.2 at 25ᵒC
Solution B
Composition per 500 mL (2X):
Na2S2O3 · 5 H2O .......................................................................................10.00 g
pH 4.0 ± 0.2 at 25ᵒC
* Sterilize solution A and filter solution B through a 0.45 µm membrane and mix 1:1 (v/v) both
solutions prior to use.
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Aleksandrov medium
Composition per litter (Etesami et al., 2017):
Glucose ...................................................................................................5.00 g
MgSO4 · 7 H2O .........................................................................................0.50 g
CaCO3 ......................................................................................................0.10 g
FeCl3 ........................................................................................................0.006 g
Ca3(PO4)2 .................................................................................................2.00 g
Potassium feldespate .............................................................................3.00 g
pH 7.2 ± 0.2 at 25ᵒC

AT: Acidithiobacillus medium (DSMZ 35)
Composition per litter:
NH4Cl.......................................................................................................0.10 g
KH2PO4 ....................................................................................................3.00 g
MgCl2 · 6 H2O ..........................................................................................0.10 g
CaCl2 · 2 H2O ...........................................................................................0.14 g
pH 4.2 ± 0.2 at 25ᵒC
Sulphur ...................................................................................................10.0 g
* Sterilize the medium by autoclave at 121ºC for 20 min. For sulphur sterilization, place the
sulphur in screw-capped tubes or bottles, wet with a few drops of water and heat for 3 hours to
90 - 100°C in a water bath on each of three successive days. Add sulphur prior to use.

ATCC 172
The N-Z amine type A from the original media was replace for tryptone. Composition per litter:

Appendix

Glucose ...................................................................................................10.0 g
Soluble starch .........................................................................................20.0 g
Yeast extract ...........................................................................................5.0 g
Tryptone .................................................................................................5.0 g
CaCO3 ......................................................................................................1.0 g
Agar ........................................................................................................15.0 g
pH 4.5 ± 0.2 at 25ᵒC
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ATT: Acidithiobacillus thiooxidans medium (DSMZ 71)
Composition per litter:
KH2PO4 ...................................................................................................3.00 g
MgSO4 · 7 H2O .........................................................................................0.50 g
(NH4)2SO4 ................................................................................................3.00 g
CaCl2 · 2 H2O ...........................................................................................0.25 g
Na2S2O3 · 5 H2O .......................................................................................5.00 g
pH 4.5 ± 0.2 at 25ᵒC
ISP1 (Tryptone - yeast Extract Broth)
Commonly known as ISP1 from the international Streptomyces Project, based on Shirling and
Gottleib (1966). Composition per litter:
Casein enzymic hydrolysate....................................................................5.0 g
Yeast extract ...........................................................................................3.0 g
Agar ........................................................................................................20 g
pH 7.2 ± 0.2 at 25ᵒC
ISP2 (Yeast extract – malt extract agar)
Commonly known as ISP2 from the international Streptomyces Project, based on Shirling and
Gottleib (1966). Composition per litter:
Yeast extract ...........................................................................................4.0 g
Malt extract ............................................................................................10.0 g
Dextrose .................................................................................................4.0 g
Agar ........................................................................................................20 g
pH 7.2 ± 0.2 at 25ᵒC
IPS3 (Oatmeal agar)
Commonly known as ISP3 from the international Streptomyces Project, based on Shirling and
Gottleib (1966). Composition per litter:
Oatmeal (Quaker White Oats) ................................................................20.0 g
Agar ........................................................................................................18 g
pH 7.2 ± 0.2 at 25ᵒC
ISP trace salt solution (see below) ..........................................................1 mL
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ISP4 (Inorganic salts-starch agar)
Commonly known as ISP4 from the international Streptomyces Project, based on Shirling and
Gottleib (1966). Composition per litter:
Soluble starch .........................................................................................10.0 g
K2HPO4 ....................................................................................................1.0 g
MgSO4 · 7 H2O .........................................................................................1.0 g
NaCl ........................................................................................................1.0 g
(NH4)2SO4 ................................................................................................2.0 g
CaCO3 ......................................................................................................2.0 g
Agar ........................................................................................................20 g
pH 7.2 ± 0.2 at 25ᵒC
ISP trace salt solution (see below) ..........................................................1 mL
ISP5 (Glycerol – asparagine agar)
Commonly known as ISP5 from the international Streptomyces Project, based on Shirling and
Gottleib (1966). Composition per litter:
L-asparagine (anhydrous basis) ..............................................................1.0 g
Glycerol ...................................................................................................10.0 g
K2HPO4 ....................................................................................................1.0 g
Agar ........................................................................................................20 g
pH 7.2 ± 0.2 at 25ᵒC
ISP trace salt solution (see below) ..........................................................1 mL
ISP6 (Peptone – iron agar)
Commonly known as ISP6 from the international Streptomyces Project, based on Shirling and
Gottleib (1966). Composition per litter:
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Peptone ..................................................................................................15.00 g
Proteose peptone ...................................................................................5.00 g
Ferric Ammonium Citrate .......................................................................0.50 g
K2HPO4 ....................................................................................................1.00 g
Na2S2O3 ..................................................................................................0.08 g
Yeast extract ...........................................................................................1.00 g
Agar ........................................................................................................20 g
pH 6.7 ± 0.2 at 25ᵒC
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ISP7 (Tyrosine agar)
Commonly known as ISP7 from the international Streptomyces Project, based on Shirling and
Gottleib (1966). Composition per litter:
L-asparagine ...........................................................................................1.00 g
L-tyrosine ................................................................................................0.50 g
Glycerol ...................................................................................................15.00 g
K2HPO4 ....................................................................................................0.50 g
MgSO4 · 7 H2O .........................................................................................0.50 g
NaCl ........................................................................................................0.50 g
FeSO4 · 7 H2O ..........................................................................................0.01 g
Agar ........................................................................................................20 g
pH 7.2 ± 0.2 at 25ᵒC
ISP trace salt solution (see below) ..........................................................1 mL
ISP Trace salt solution
Composition per litter:
FeSO4 · 7 H2O ..........................................................................................0.1 g
MnCl2 · 4 H2O ..........................................................................................0.1 g
ZnSO4 · 7 H2O ..........................................................................................0.1 g
NB (Nutrient Broth)
This medium is commonly available as a premixed powder. Composition per litter (Atlas, 2010):
Peptone .................................................................................................5.0 g
NaCl ........................................................................................................5.0 g
Yeast extract ...........................................................................................2.0 g
Beef extract ............................................................................................1.0 g
pH 7.4 ± 0.2 at 25ᵒC
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NBRIP (National Botanical Research Institute’s Phosphate)
Composition per litter (Mardad et al., 2013):
Glucose ..................................................................................................10.00 g
MgCl2 · 6 H2O ..........................................................................................5.00 g
MgSO4 · 7 H2O .........................................................................................0.25 g
KCl ...........................................................................................................0.20 g
(NH4)2SO4 ................................................................................................0.10 g
Ca3(PO4)2 .................................................................................................5.00 g
Agar ........................................................................................................20 g
pH 7.0 ± 0.2 at 25ᵒC
NYG (peptone yeast extract glycerol medium)
Composition per litter (Tang et al., 2005):
Peptone .................................................................................................5.0 g
Yeast extract ...........................................................................................3.0 g
Glycerol ...................................................................................................20.0 g
Agar ........................................................................................................20 g
pH 7.0 ± 0.2 at 25ᵒC
LB (Luria-Bertani broth)
Composition per litter (Atlas, 2010):
NaCl ........................................................................................................10.0 g
Yeast extract ...........................................................................................5.0 g
Pancreatic digest of casein .....................................................................10.0 g
pH 7.0 ± 0.2 at 25ᵒC
Leptospirillum (HH) (DSMZ 882)
Solution A

Appendix

(NH4)2SO4 ................................................................................................132.0 mg
MgCl2 · 6 H2O ..........................................................................................53.0 mg
KH2PO4 ....................................................................................................27.0 mg
CaCl2 · 2 H2O ...........................................................................................147.0 mg
ddH2O .....................................................................................................950 mL
pH 1.8 (use 10N H2SO4)
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Solution B
FeSO4 · 7 H2O ..........................................................................................20.0 g
0.25 N H2SO4 ...........................................................................................50 mL
pH 1.2 ± 0.2 at 25ᵒC
Solution C (Trace elements solution)
Composition per litter:
MnCl2 · 4 H2O ..........................................................................................76.0 mg
ZnCl2 ........................................................................................................68.0 mg
CoCl2 · 6 H2O ...........................................................................................64.0 mg
H3BO3 ......................................................................................................31.0 mg
Na2MoO4 .................................................................................................10.0 mg
CuCl2 · 2 H2O ...........................................................................................67.0 mg
* Sterilize solutions separately and mix 950 mL of solution A with 50 mL of solution B. Finally, add
1 mL of solution C prior to use. The final pH of the medium should be 1.8.
PDA (Potato Dextrose Agar)
Composition per litter (Atlas, 2010):
Glucose ..................................................................................................20.0 g
Potatoes, infusion from ..........................................................................15.0 g
Agar ........................................................................................................15 g
pH 5.6 ± 0.2 at 25ᵒC
This medium is available as a premixed powder from Conda Laboratories.
Plate Count Agar
Composition per litter (Atlas, 2010):
Glucose ..................................................................................................1.0 g
Yeast extract ...........................................................................................2.5 g
Pancreatic digest of casein .....................................................................5.0 g
Agar ........................................................................................................15 g
pH 7.0 ± 0.2 at 25ᵒC
This medium is available as a premixed powder from Pronadinsa S.A.
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PSM (Phytase Screening Medium)
Composition per litter (P. Kumar et al., 2012):
D-glucose ...............................................................................................20.00 g
Sodium phytate ......................................................................................4.00 g
CaCl2........................................................................................................2.00 g
NH4NO3 ...................................................................................................5.00 g
KCl ...........................................................................................................0.50 g
MgSO4 · 7 H2O .........................................................................................0.50 g
FeSO4 · 7 H2O ..........................................................................................0.01 g
MnSO4 · H2O............................................................................................0.01 g
Agar ........................................................................................................20 g
pH 6.0 ± 0.2 at 25ᵒC
SCA (Starch Casein Agar)
Modified from Atlas et al. (2010). Composition per litter:
Starch .....................................................................................................2.00 g
Casein .....................................................................................................0.30 g
KNO3 .......................................................................................................2.00 g
NaCl ........................................................................................................2.00 g
K2HPO4 ....................................................................................................2.00 g
MgSO4 · 7 H2O .........................................................................................0.05 g
CaCO3 ......................................................................................................0.02 g
FeSO4 · 7 H2O ..........................................................................................0.01 g
Agar ........................................................................................................20 g
pH 7.0 ± 0.1 at 25ᵒC
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SOC (super optimal broth with catabolite repression)
SOC medium is based on SOB (super optimal broth) and is a rich medium mainly used in the
recovery steps of E. coli competent cells transformation because it maximizes the transformation
efficiency. Composition per litter (Sambrook et al., 2001):
Tryptone ................................................................................................ 20.0 g
Yeast extract .......................................................................................... 5.00 g
NaCl........................................................................................................ 0.58 g
KCl .......................................................................................................... 0.19 g
MgCl2 ..................................................................................................... 0.95 g
MgSO4 .................................................................................................... 1.20 g
pH 7.0 ± 0.1 at 25ᵒC
Add 20 mL of a sterile 1 M solution of glucose (18 g of glucose in 100 mL of ddH2O) after
autoclaving the previous solution and letting it cool to 60ᵒC or less. After the sugar has dissolved,
adjust the volume and sterilize by passing it through a 0.22 µm filter.
Thiobacillus agar (TA)
Composition per litter (Starosvetsky et al., 2013):
(NH4)2SO4 ................................................................................................0.40 g
MgSO4 · 7 H2O .........................................................................................0.50 g
CaCl2........................................................................................................0.25 g
KH2PO4 ....................................................................................................4.00 g
FeSO4 ......................................................................................................0.01 g
Na2S2O3 ...................................................................................................5.00 g
Bromocresol green 0.4% (w/v) ...............................................................2 ml
pH 4.0 ± 0.2 at 25ᵒC
TSB (Tryptic soy broth)
This medium is commonly available as a premixed powder. Composition per litter (Atlas, 2010):
Pancreatic digest of casein .....................................................................18.0 g
Papaic digest of soybean meal ...............................................................6.00 g
NaCl ........................................................................................................6.00 g
pH 7.3 ± 0.2 at 25ᵒC
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Tris-minimal medium
Composition per litter (Fasim et al., 2002):
Tris base ..................................................................................................6.06 g
NaCl ........................................................................................................4.68 g
KCl ...........................................................................................................1.49 g
NH4Cl.......................................................................................................1.07 g
Na2SO4 ....................................................................................................0.43 g
MgCl2 · 2 H2O ..........................................................................................0.20 g
CaCl2 · 2 H2O ...........................................................................................0.03 g
Agar ........................................................................................................15 g
pH 7.0 ± 0.2 at 25ᵒC
TY (Tryptone-Yeast)
Composition per litter (Sambrook et al., 2001):
Tryptone ................................................................................................ 16.00 g
Yeast extract .......................................................................................... 10.00 g
NaCl........................................................................................................ 2.50 g
pH 7.0 ± 0.1 at 25ᵒC
YED (Yeast Dextrose Agar)
Composition per litter (Atlas, 2010):
Glucose ...................................................................................................10.0 g
Yeast extract ...........................................................................................10.0 g
Agar ........................................................................................................20 g
pH 7.0 ± 0.2 at 25ᵒC

Appendix

207

External PhD Thesis referee report

Ms. Ana María Ibáñez Sánchez submitted the PhD thesis entitled “Development of
microbial technologies for the soluble phosphorus production by phosphate rock solubilization”,
developed at the Instituto de Investigación de la Viña y el Vino, under the supervision of Dr.
Juan José Rubio Coque and Dr. Carlos Barreiro Méndez, from the University of León. I hereby
present my comments on the document.
Phosphorus (P) is the second most limiting nutrient for agricultural crops. Given its reduced
bioavailability, the probable mid-term future depletion of the main current phosphorous source
(phosphate rock reserves), as well as the difficulties to exploit phosphorous reservoirs in soils,
novel solutions must be explored. The PhD work conducted by Ms. Ibáñez Sánchez adds to
the field of biomining and biofertilizers based on the use of phosphate solubilizing
microorganisms, as promising answers to the phosphate problem.
The structure of the thesis includes a general Introduction, a presentation of the general
and specific Objectives of the PhD thesis, three Results chapters (each with their
corresponding Material and Methods, Results and Discussion sections), a General Discussion
section referring to all the PhD thesis results, further work and Future Perspectives and, finally,
the obtained relevant Conclusions.
The manuscript is easy to follow, very well written and well organized. The industrial
applicability of the results can be directly inferred from the relevance of the conclusions, as
well as the fact that the thesis is linked to a private industrial project with a clear aim. I discuss
the different sections in further detail below.
The thesis manuscript presents first an Introduction containing an overview of the problems
surrounding the utilization and extraction of phosphorous, as well as its biological implications
and the importance of phosphorous for life. I found the Introduction to be well-thought, relevant,
thorough, and up to date. Ms. Ibáñez Sánchez demonstrates good knowledge of the state of
the art in her field, as well as most recent work and current challenges. As for the Objectives
of the PhD thesis, they are well designed and presented. They are also clearly addressed
along this thesis.
The first Results chapter (Chapter 1) focuses on the isolation of eight strains of sulphuroxidizing bacteria to solubilize phosphorous from phosphate rock schlams, as well as the
characterization of the ability to solubilize phosphorous of different selected isolated strains. A
particular Acidithiobacillus thiooxidans strain stood out from the rest when it comes to
phosphorous solubilization in mini-dump assays.
The second Results chapter (Chapter 2) revolves around the molecular study of the strain
A. thiooxidans SOB3. Its genome was sequenced to carry out proteomic studies and evaluate

the strain responses under pH stress conditions. Chapter 2 demonstrates the hardships
usually encountered when working with poorly studied, fastidious extremophiles, and presents
a good and thorough description of the necessary optimization and troubleshooting. Ms.
Ibáñez Sánchez also presents interesting ideas for future work to complement the results
obtained during her work.
Chapter 3 is entitled “Isolation, identification and selection of phosphate solubilizing
bacteria and their application to barley crop”. Along the chapter, Ms. Ibáñez Sánchez
describes the isolation of phosphate solubilizing bacteria from the ectorhizosphere of locally
obtained barley plants. Isolates were identified and their phosphate solubilization ability and
mechanisms were studied. The results are complemented with a greenhouse pot experiment
to check the effects of the isolates on barley crop development.
The thesis work is finalized with a General Discussion, a reflection on Future Perspectives
and recommendations for further work and, finally, Conclusions. The General Discussion
presents interesting observations that help put the results of the thesis in context and
demonstrates the applicability of said results. As for the Future Perspectives and Conclusions
sections, I found them to be relevant and clearly presented.
In conclusion, it is my impression that the PhD thesis carried out by Ms. Ibáñez Sánchez
and presented in this manuscript includes novel, high quality, interdisciplinary scientific work.
The thesis work answers current challenges and scientific questions that are of great
importance from a sustainability point of view, and that have inherent value considering
possible industrial applications in the fields of biofertilizers and biomining. They also constitute
relevant groundwork that will serve as a basis for further knowledge of isolated strains as novel
biosolutions to the problem of phosphorous.
I consider the thesis work presented by Ms. Ibáñez Sánchez entirely suitable for public
reading and defense, and I strongly recommend its acceptance by the PhD thesis commission.
Trondheim, 5th June 2021

Dr. Laura Garcia Calvo
Postdoctoral Researcher
Department of Biotechnology and Food Science (IBT),
Norwegian University of Science and Technology (NTNU)

External PhD thesis referee report

The experimental work described in the PhD dissertation submitted by Ms. Ana María
Ibáñez Sánchez with the tittle “Development of microbial technologies for the soluble
phosphorus production by phosphate rock solubilization” was performed at the Instituto de
Investigación de la Viña y el Vino under the supervision of Prof. dr. Juan José Rubio Coque
who is affiliated at the University of León. The work described in the PhD Thesis of Ms. Ibáñez
Sánchez address the current phosphate rock solubilization problems and she proposes two
solutions to it.
Her thesis is divided into eight sections as follows: a general introduction, objectives,
three experimental chapters, a general discussion, future perspectives and final conclusions.
To note, each experimental chapter includes its own independent introduction, material and
methods, results and discussion sections. The dissertation is well organized and it is clearly
written to be accessible to scientists with different backgrounds. The originality and quality
of the research presented in this dissertation contributes positively to deal with topics of
global relevance and industrial application. Furthermore, the present dissertation is part of a
private project, fact that highlight its immediate industrial application.
In the Introduction, Ms. Ibáñez Sánchez gives an overview about the current problems
of phosphorus in nature covering its easy precipitation in soils after the fertilization and the
imminent depletion of its mining reserves. She also reviews the current measurements and
proposes new solutions, such as the use of biomining processes to improve the performance
of the current mining wastes. Her literature review shows that she is knowledgeable and
highly skillful in her field. The specific objectives of the dissertation are well designed and are
in line with the main objective. Importantly, the objectives are accomplished throughout the
thesis.
The research described in Chapter 1 focus on the isolation and characterization of the
sulphur-oxidizing bacteria for the phosphorus solubilization from phosphate rock. To this end,
an assay was designed to determine the solubilization capabilities of bacteria during a
biomining process with phosphate rock wastes and sulphur as only energy source. The results
allowed to identified one strain that overperformed in terms of solubilization of phosphorus
in mini-dumps assays. Remarkably, in Chapter 1, Ms. Ibáñez Sánchez describes the procedure
and results of her first scaling-up process in a 25-tonnes dump.
The study in Chapter 2 described the response of Acidithiobacillus thiooxidans under
extreme acid conditions by means of genome sequencing, RT-PCR and a proteome analysis
by DIGE. The obtained results are especially valuable since A. thiooxidans is an extremophiles
microorganism which is complicated to handle and few information is available. Thus, the
results obtained by Ms. Ibáñez Sánchez are an appreciable contribution to the scientific
community.

Chapter 3 describes the isolation and characterization of phosphate solubilizing bacteria
with potential use as biofertilizers. In addition, some studies and bioassays have allowed to
analyze some of their characteristics as plant growth-promoting bacteria. Chapter 3 also
describes the antifungal capacity of some of these strains against a selection of the most
important pathogenic barley fungi. Notably, her assay performed on barley crops made
possible to observe the effects of these isolates on the plants, and the effect of solubilization
of insoluble phosphorus in the crops.
The experimental work described in the PhD dissertation of Ms. Ibáñez Sánchez involves
a set of different technics. Her approach, includes microbiological assays, bioassays,
development of new protocols for biomining assay at laboratory scale, genome analysis,
proteomic studies, determination of organic acids by HPLC, q-PCR and RT-PCR assays and
statistical analysis just to mention some of them. The diversity in her approach allowed her
to get answer form different perspectives to have a complete study.
In conclusion, considering the quality of research described in Ms. Ibáñez Sánchez’s
dissertation and the demonstrated potential application of her studies, I would like to
recommend to the PhD commission Ms. Ibáñez Sánchez’s thesis to accept her thesis for
defense for obtaining her PhD degree. I am confident that she will excel in her PhD defense.

Dr. Rocío Aguilar Suárez
Postdoctoral Researcher
FGen, Basel, Switzerland, 5th June 2021

“There will come a time when you believe
everything is finished. That will be the beginning”
“Llegará un momento en que creas que todo ha
terminado. Ese será el principio”
Epicuro de Samos (341 a.C. - 270 a.C.)

