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1 Resumo

A presente tese dedicou-se a explorar como bactérias promotoras do crescimen-
to vegetal (BPCV) na forma de inoculantes podem auxiliar na mitigacéo de es-
tresses ambientais, utilizando a planta aquatica Salvinia auriculata Aublet. como
modelo de estudo. No capitulo 1 foi realizado um estudo da literatura, onde ob-
servou-se o desafio da salinidade em areas agricolas costeiras na América Lati-
na. No capitulo 2, foi realizado o isolamento de bactérias da planta aquatica S.
auriculata, as bactérias foram identificadas pelo sequenciamento do gene 16S
rRNA aos niveis de espécie e de género. Com a finalidade de encontrar bactérias
com caracteristicas de promogao do crescimento vegetal foram realizados testes
qualitativos de fixagcao biolégica de nitrogénio, de solubilizagao de fosfato e de
producao de compostos inddlicos. A Enterobacter sp apresentou essas caracte-
risticas e foi selecionada para ensaio de inoculacéao in vivo na planta S. auricula-
fa e apos quatro dias de interacdo a planta apresentou aumento de biomassa
fresca e seca quando comparada com as plantas sem a adigdo da bactéria. No
capitulo 3, foi avaliado o nivel de toleréncia da bactéria Enterobacter sp a con-
centracdes crescentes de cobre. A bactéria mostrou tolerancia a cobre nas con-
centragdes de 63 e 158 mgL™". Posteriormente, Enterobacter sp foi inoculada em
S. auriculata em um ambiente contendo 0,635 mgL™"de Cu. Foi observado que a
bactéria foi capaz de proteger a planta do estresse causado pelo cobre. No capi-
tulo 4 foi realizado um isolamento em area de restinga, explorando a tolerancia
bacteriana a salinidade e testando tais bactérias para promog¢ao do crescimento
vegetal, e producgao de celulose. O isolado S3103 foi selecionado e inoculado em
S. auriculata em meio contendo 100 mmol™ de NaCl. O isolado testado foi capaz
de minimizar o dano causado por NaCl nas plantas inoculadas. Os resultados
apresentaram dados promissores com (BPCV) candidatas a inoculantes, a se-
rem aplicadas para tratamentos de ambientes contaminados por cobre e alta-

mente salinos.

Palavras-Chave: Salvinia auriculata, bactérias, promog¢ao do crescimento ve-

getal, estresses ambientais, cobre, salinidade



2 Abstract

This thesis was dedicated to exploring how plant growth-promoting bacteria
(PGPB) in the form of inoculants can help mitigate environmental stresses, using
the aquatic plant Salvinia auriculata Aublet. as a study model. In Chapter 1, a liter-
ature review was conducted, where the challenge of salinity in coastal agricultural
areas in Latin America was observed. In Chapter 2, bacteria were isolated from
the aquatic plant S. auriculata, and these bacteria were identified through 16S
rRNA gene sequencing at the species and genus levels. With the aim of finding
bacteria with plant growth-promoting characteristics, qualitative tests for nitrogen
fixation, phosphate solubilization, and production of indole compounds were con-
ducted. The Enterobacter sp exhibited these characteristics and was selected for
in vivo inoculation assay on the plant S. auriculata. After four days of interaction,
the plant showed an increase in fresh and dry biomass compared to plants with-
out the addition of the bacterium. In Chapter 3, the tolerance level of the Enter-
obacter sp to increasing copper concentrations was evaluated. The bacteria
showed tolerance to copper at concentrations of 63 and 158 mg/L. Subsequently,
Enterobacter sp was inoculated into S. auriculata in an environment containing
0.635 mg/L of Cu. It was observed that the bacterium was able to protect the plant
from copper-induced stress. In Chapter 4, isolation was conducted in a sandcoast
area, exploring bacterial tolerance to salinity and testing such bacteria for plant
growth promotion and cellulose production. The isolate S3103 was selected and
inoculated into S. auriculata in a medium containing 100 mmol™ of NaCl. The
tested isolate was able to minimize the damage caused by NaCl in the inoculated
plants. The results presented promising data with candidate plant growth-promot-
ing bacteria (PGPB) as inoculants, to be applied for treating environments con-

taminated by copper and highly saline conditions.

Keywords: Salvinia auriculata, bacteria, plant growth promotion, environmental

stresses, copper, salinity.
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3 Introducgao Geral

As plantas sao organismos sésseis, devido a essa condi¢ao estdo sujeitas
a influéncia de estresses ambientais bidticos e abidticos durante todo o estagio
do seu desenvolvimento (Leisner et al., 2022; Knudsen, et al., 2018). Os fatores
bidticos incluem a colonizag&o por insetos e microrganismos, como bactérias,
fungos e protozoarios, que causam diferentes danos as plantas. Os fatores abi-
oticos incluem salinidade, seca, radiagao solar, inundacgao, temperatura e metais
toxicos (Zhang et al., 2022; Roeber et al., 2021; Suzuki et al., 2014). Dentre es-
ses, serao abordados no presente trabalho o aumento da biodisponibilidade de

cobre e da salinidade.

A salinidade da agua doce ocorre tanto de forma natural em zonas costei-
ras, regides aridas e semiaridas, quanto de forma antrépica através da irrigagcéo
das culturas agricolas e de processos industriais (Siegel et al., 2022; Pulido-Bos-
ch et al., 2018). Considerando que ambientes dulciculas estao entre as principais
fontes de agua para consumo humano e que fornecem habitat para diferentes
espécies aquaticas, faz-se necessario buscar solugdes sustentaveis para mitigar

os efeitos negativos da salinidade nessas areas.

No ambiente aquatico, plantas aquaticas do género Salvinia foram anali-
sadas sob estresse salino (GOMES et al., 2017; OWENS et al., 2014, GOMES,
et al., 2011 e JAMPEETONG et al., 2009) e sob estresse causado pelo cobre
(PANFILI, et al., 2017; FREITAS et al., 2017; BIZZO et al., 2014) com isso sao

potenciais candidatas para contornar os efeitos prejudiciais desses estresses.

De um modo geral, sdo encontradas bactérias promotoras do crescimento
vegetal (BPCV) associadas com plantas, que podem auxiliar na resposta a es-
tresses ambientais, uma vez que algumas delas sdo capazes de tolerar altas
concentragbes de elementos toxicos (BORAH et al., 2023). Plantas aquaticas,
porém, sdo ainda pouco estudadas no ambito da sua microbiota. Além disso, am-
bientes que apresentam maior incidéncia salina como os ecossistemas costei-
ros, em especial as restingas, podem conter bactérias de grande valia para estu-
dos de inoculacéo. Esse ambiente € pouco explorado do ponto de vista microbio-
l6gico (Magalhaes et al., 2017; CLACINO et al., 2006).

xii



Bactérias com caracteristicas promotoras do crescimento vegetal e toleran-
tes a metais e a salinidade podem ser usadas como inoculantes nessas plantas
sob condicao de estresse. Os inoculantes sao produtos que contém microrganis-
mos (bactérias e fungos) com atuagéo favoravel ao crescimento de plantas (Bra-
sil, 2004). Eles tém potencial para oferecer beneficio econémico e ecoldgico, ao
preservar um ambiente das condi¢des desfavoraveis quanto ao uso de fertilizan-
tes quimicos (Chaudhary et al., 2020). Na agricultura, o uso de inoculantes esta
estabelecido para algumas culturas, um exemplo € o cultivo da soja no Brasil (;
Riviezzi et al., 2020; Salvagiotti et al., 2008; Alves et al., 2003). Por outro lado, a
aplicagao ambiental dos inoculantes ¢é incipiente e pouco se conhece sobre os
efeitos interativos de BPCV inoculadas em plantas aquaticas mediante condi-

cOes de estresse.

O presente trabalho buscou entender como bactérias promotoras do cres-
cimento vegetal (BPCV) na forma de inoculantes podem auxiliar na mitigagéo de
estresses ambientais, utilizando Salvinia auriculata como modelo de estudo. Ini-
cialmente, foi realizado um estudo da literatura, onde se observou o desafio da
salinidade em areas agricolas costeiras na América Latina (Capitulo 1), em se-
guida foram exploradas bactérias isoladas da planta aquatica Salvinia auriculata
(Capitulo 2). Foi avaliada a resposta da bactéria Enterobacter sp a cobre (Capitu-
lo 3). Entao, foi realizado um novo isolamento em area de restinga, explorando a
tolerancia bacteriana a salinidade e testando a agdo como inoculante de Salvinia
auriculata (Capitulo 4). Os resultados apresentaram dados promissores com
bactérias candidatas a inoculantes, que serao apresentados nos quatro capitulos
a seguir. Apos estes topicos, foram feitas as consideragdes finais da tese com as

contribuigdes e perspectivas futuras do trabalho.
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4 Capitulo 1 Coastal Agriculture in Latin America: typical abiotic
stresses and the use of microbial inoculants

4.1 Abstract

Coastal areas are employed for agriculture worldwide. Nonetheless, in compari-
son with other arable areas, these sites present typical challenges, especially abi-
otic stresses such as high salinity and drought. Even though cultivation types vary
across different countries, beneficial microorganisms play a key role in helping
plants tolerate these stresses. The microbes are naturally present in the soil and
might be enriched in such environments through the use of inoculants designed to
improve plant growth while decreasing or even eliminating the need for chemical
fertilizers, which might be detrimental to soil and water quality. This represents a
sustainable alternative to traditional methods in agriculture, which have, over the
years, polluted water bodies and shifted soil quality through spikes in nutrient
availability. In this chapter, we review the challenges of Latin American coastal
agriculture and the perspectives for the use of microbial inoculants as a sustain-
able and effective technology in these areas.

Keywords: Agriculture 4.0, Salinity, Plant-Microbe Interaction.
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4.2 Introduction

Coastal zones are the most populated and economically active regions
worldwide, where despite the presence of places with lower population density
and areas of environmental conservation (mangroves, estuaries, and sandy
coast, for example), one can also find regions with great urbanization accompa-
nied by industries, ports, tourist activities, and also large cultivated areas. There-
fore, it is common to see problems of anthropogenic origin in these coastal areas,

such as soil and water contamination [1]-[3].

In Latin America, some coastal ecosystems such as xeric shrublands (as
the matorrales in Mexico and the Caatinga biome in Brazil) have aridity as their
hallmark [4], [5]. In some cases, such as in the Chilean and Peruvian deserts and
Patagonia to the south of the continent, this is due to the influence of the Andes
Mountains, on the Pacific coast of South America, which is reflected in stressful
environmental conditions for agriculture due to low rainfall and availability of nutri-
ents in the soil [6]. Microorganisms residing in such ecosystems have specific
mechanisms for the acquisition of nutrients (carbon, nitrogen, and phosphorus),
which can help plant growth, playing a fundamental role in biogeochemical cycles
[7] (Figure 1).
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Figure 1: Coastal regions of Latin America considered in this review. Colors vary in each country.
In gray: Countries not included in USDA maps and continental regions. Coastal lines are for illus-
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tration purposes only and are not to be scaled. Regions to the south of Los Lagos (Chile) were not
represented in USDA maps and are thus not shown.

Temperature stress, especially high temperatures, is capable of causing
irreversible damage to plant growth. The increase in temperature will inevitably
lead to increased evaporation and more salinization. In the case of coastal areas,
the influence of the salinity on crop growth is critical [8] Other major challenges for
advancing agriculture in these coastal environments are high sunlight intensity,
soil pH (commonly acidic in tropical areas) [9], and different soil textures (sandy
soils have difficulty retaining water) [10]-[12]. Water scarcity and increased tem-
perature can have direct negative impacts on crops, as they limit plant develop-
ment. Increased salinity in soils associated with low nutrient content and long pe-

riods of drought also cause a decrease in yield [12], [13].

The environmental conditions in a given space shape the associated living
community. This dynamic poses one of the greatest ongoing challenges in agri-
culture, since microorganisms improve plant growth, and when their survival is
threatened, yielding is equally at risk [12]-[14]. Thus, research on the association
between the adverse conditions found in arid and desert regions and the native
soil microorganisms is of great importance, as they are better adapted to these
extreme conditions [15], [16]. This work is dedicated to reviewing agricultural ac-
tivities in coastal areas of Latin America based on distribution maps made avail-
able by the United States Department of Agriculture (USDA — available on <
https://ipad.fas.usda.gov/ogamaps/cropproductionmaps.aspx>, accessed on
April 12, 2022), reviewing the advantages of microbial inoculants for crops under
specific abiotic stresses such as salinity and drought, and the biotechnological
potential of the application of inoculants composed of fungi and bacteria as a sus-
tainable alternative to recurrent techniques with chemical fertilizers. Mainly, stud-
ies on so-called “commodity” crops are explored: wheat, sunflower, soybean,
sorghum, rye, rice, rapeseed, peanuts, oats, corn, cotton, barley, and oil palm. Itis
important to note that the crop distribution maps by USDA do not include several
countries in Latin America, especially the Caribbean islands, Honduras, El Sal-
vador, Nicaragua, and Venezuela (Figure 1). For this reason, the scientific litera-

ture relating to these regions may be underrepresented in this material.
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4.3 Abiotic stresses in coastal agriculture

Abiotic stresses strongly affect agricultural production [17]. In the case of
coastal regions, the main stress factors for crops are drought, salinity, and high
temperatures, which may be accentuated due to climate change [18]. For exam-
ple, studies show that sea-level rise increased salinity in coastal areas of India
from 1% to 33% over 25 years, directly impacting agricultural areas in the region
[19].

In the 2017 book “Handbook of Drought and Water Scarcity”, Saeid Es-
lamian & Faezeh Eslamian review in depth the concepts and characteristics of
drought. According to the authors, a consensus definition would be; “an extended
period a season, a year, or several years of poor rainfall relative to the statistical
multiyear mean for a region”. According to the authors, there are four types of
drought: meteorological (dry weather that lasts long enough to unbalance the
availability of water in a given region), hydrological (when the amount of water in
reservoirs and water bodies is below average), agricultural (rainfall deficit capable
of considerably affecting agricultural production), and socioeconomic and envi-
ronmental drought (the latter being related to the effects of previous definitions on
human activities). All these concepts are characterized by the combination of cli-
mate and soil factors, and in the case of agricultural drought, the crop itself di-

rectly impacts production [20].

Drastic decreases in the water supply are one of the most impacting abiotic
stress factors in agriculture [20], [21]. Since plants absorb nutrients through the
roots by capturing water, if there is a water deficit, this will also imply a lower ab-
sorption of these nutrients. Therefore, whether they occur in a short period or
even months, droughts directly impact plant physiology, root structure, and archi-
tecture and can occur in any climate regime in the world [20], [22]. Drought is an-
other frequent abiotic stress in coastal areas, resulting in uneven rainfall distribu-
tion [22]. According to Curtis (2019) [23], the rainfall regime in coastal areas is not
well resolved, precisely because these are common areas where rain originates.
The author also highlights that there is a significant drop in precipitation as we
enter deeper into the continent. Research by Sousa Santos et al. (2020) [24]
shows relevant nuances can be seen even in adjacent areas used for the cultiva-

tion of coconut in the Ceara State, in Brazil (Figure 1). According to the authors,
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the palms closer to the coastline are more affected by salinity stress, but one area
in which soil moisture is kept during dry seasons was also present, which allevi-
ates the salt stress. The authors also highlight the decrease in yield in non-irri-

gated areas.

Salt stress in coastal and continental soils can be established by natural
and anthropogenic forms [25]. Naturally, it is caused by weathering with the re-
lease of different types of salts (e.g. chlorides, sulfates, and bicarbonates of Na,
Ca, and Mg) carried by water in the soil [26], and by marine spray from the ocean
transported by winds and rainfall [17]. Anthropogenic forms include the deposition
of saline water used for irrigation [25] and inadequate irrigation management,
which leads to the elevation of salts present in underground water to the soil sur-
face. Two relevant examples can be found in Peru; the aquifer La Yarada, in the
Tacna region (Figure 1), one of the few water resources in that area, has been
overexploited for agriculture and other activities, including the expansion of the
Tacna city. Such overexploitation now causes the intrusion of seawater into the
soil and undergrounds, intensifying the water salination and scarcity in that region
[27]. Unusual salinity levels can also be found in the Nepefia Valley, region of An-
cash (Figure 1), which according to [28] happens due to intensive agriculture,

even though it is confusing if this salination is recent or from prehispanic times.

It is estimated that more than 830 million hectares of arable land are being
affected by salinization worldwide [12]. This process is relatively common in arid
and semi-arid coastal and continental regions, being related to the geological for-
mation itself, low rainfall, soil type, and, in certain cases, due to the agricultural
development of that given region [17]. For example, in Argentina alone, approxi-
mately 600,000 ha of irrigated soil is affected by salinity. In Brazil, 30% of the
500,000 ha of irrigated areas in the Northeast are in process of salinization. In
Mexico, 20% of agricultural land is also undergoing salinization. In Ecuador and
Cuba, the main cause of salinization is the use of poor-quality water or the use of

saline water, and excessive use of chemical fertilizers [29].

Increased salinity due to maritime influence and groundwater overexploita-
tion is common in coastal regions, which decreases the enzymatic activities in the

soil, and microbial biomass and, consequently, reduces the microbial growth rate
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[12]. As a result, salinity directly affects the concentration of organic matter in the
soil in these regions, as well as its availability, since microorganisms are responsi-

ble for a large part of the processing of nutrients in biogeochemical cycles [30].

The predictive study by Gupta et al. (2020) [22] warns that by 2050 we will
have a decrease in the supply of water for agriculture, while, in the same period,
there will be a growing increase in the demand for arable land. This study de-
scribes that historically, drought has always been more influenced by low precipi-
tation, but the authors also predict the influence, mainly, of the increase in temper-
ature associated with climate change alternating with drought cycles. Such cycles
are common, for example, in the Maipo River, and the Santiago region of Chile
(Figure 1). Nonetheless, research by Pefia-Guerrero et al. (2020) [31] highlights
that the ever-growing demand for agricultural products in that region will likely be
affected by the water availability and quality in the Maipo River basin. Loitzen-
bauer & Bulhdes Mendes (2012) [32] describe a mathematical model to under-
stand how much of the water in the Tramandai River, in the State of Rio Grande
do Sul, Brazil (Figure 1) can be used without harm to salinity dynamics, suggest-

ing the application of licenses to regulate water use.

Biotechnology is also increasingly used in agriculture, ranging from classi-
cal plant improvement through crossing wild and cultivated plant varieties to ge-
netic engineering, using genetically modified, transgenic, and strass-adapted
ecotypes of plants [33]. For example; in Chile, different ecotypes of quinoa, which
is native to the Andes region, have different tolerance to salinity. Ruiz et al. (2016)
[34] describes that the Salares ecotype, native to the salt flats of Bolivia, Chile,
and Argentina, tolerates up to 500 mM (millimolar) of NaCl, while ecotypes native

to the Andean lowlands are more sensitive to salinity.

As another example, using beneficial microorganisms in plants contributes
to the sustainable development of crops and simultaneously influences economic
development, as it is a low-cost tool. Paul & Nair (2008) [35] describe the potential
of Pseudomonas fluorescens MSP-393 for use as a microbial inoculant in coastal
areas, considering its high salt tolerance. For this research, the authors have ap-
plied sophisticated techniques such as HPLC and MALDI-TOF. Such experimen-

tal design raises the awareness that even though biotechnological techniques
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might play an important role in achieving greater productivity and greater eco-effi-
ciency, they require high technical skills for implementation and maintenance,
which is a challenge for small farmers [36]. Thus, the application of PGPMs is a
biotechnological tool with the potential to improve plant growth and mitigate the
effects of abiotic stresses on crops [37]-[39]. The use of plant growth-promoting
microorganisms (PGPMs) in agricultural production systems has been used in
specific crops such as soybeans [40]-[42], and sugarcane [43]-[45]. Coastal en-
vironments are a source of prospection for these microorganisms and can have
their agricultural production improved through the formulation and application of
microbial inoculants, which are biological preparations from cultures of beneficial
microorganisms, which can help the host plant to control pathogens, acquire nu-
trients, and better resist environmental stresses [46], which we review over the

next topics.

4.4 The role of microorganisms in agriculture

Microorganisms (bacteria, fungi, unicellular eukaryotes, and some groups
of algae and metazoa) are the most diverse and abundant group of living beings
in nature [47]. It is hypothesized that bacteria were the first organisms to appear
on the planet, having colonized even the most inhospitable environments and
playing important roles in biogeochemical cycles (Figure 2). Thus, microorgan-
isms are required for the availability of macronutrients, such as nitrogen, through
biological nitrogen fixation, nitrification, and denitrification [48]. Alongside fungi,
bacteria also contribute to the solubilization of phosphate, potassium, and zinc
[49]. Furthermore, microorganisms actively act in the metabolism of carbon diox-
ide, methane, and nitric dioxide, important greenhouse gases (GHGs) [48] (Figu-
re 2).
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Figure 2: Biogeochemical cycles in the soil and greenhouse gases emissions. Pink arrows corre-
spond to the processes of carbon cycling (C), considering the mineralization of organic C in the
soil, fixation of carbon dioxide (CO,), and oxidation of methane (CH,). The green arrows corre-
spond to the nitrogen (N) cycling processes, highlighting the fixation of atmospheric nitrogen (N.),
nitrification, denitrification, organic N mineralization, and ammonia (NH;) oxidation associated
with the reduction of ferric minerals. Blue arrows represent the phosphorus (P) cycling processes,
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the action of Phosphate Solubilizing Bacteria (PSB). Yellow arrows represent the Sulfur (S) cycling
processes and black arrows highlight the emission of greenhouse gases, including gases emitted
due to the heating of compounds that can occur in the burning processes that are eventually car-
ried out in some agricultural systems, such as Nitrogen Oxides (NOx).

Bacteria and fungi that exhibit beneficial traits for plant development are
called plant growth-promoting microorganisms (PGPM). In addition to nutrient
assimilation, they can help plants directly through the production of phytohor-
mones (e.g. auxins and gibberellins); and siderophores to capture iron, thus cov-
ering the main limiting factors for plant growth [50]. Evermore studies are carried
out on the prospection of these PGPMs and their potential to alleviate stress
symptoms in plants. Zahir et al. (2008) [51] demonstrated a direct action of PGPM
in Pisum sativum (peas); the action of ACC Deaminase, an enzyme responsible
for the hydrolysis of 1-carboxylic acid 1-aminocyclopropane (ACC) into a-ketobu-
tyrate and ammonia, allows the plant to become more tolerant to the effects of
ethylene, when under conditions of salt and water stress. Meanwhile, PGPMs can
also help plants indirectly by inhibiting the action of phytopathogens, synthesizing
antimicrobial metabolites as active biocontrol agents, competing for nutrients,
and even stimulating systemic plant resistance [50] (Figure 3). Such concepts are

crucial to the development of microbial inoculants. Their use is an interesting
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strategy in the context of Agriculture 4.0 and, if the included microorganisms are
adapted to existing stressors, the chances of success increase considerably
[52]-[54].
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Figure 3:Direct and indirect mechanisms promoted by Plant Growth Promoting Microorganisms
(PGPM) against the presence of abiotic stresses.

Changes in land use for agriculture and urbanization negatively impact soil
quality [65]. GHG emissions, typical of anthropic activities and one of the main
causes of climate change, also affect soil quality and harm the rainfall regime,
whether due to drought or even flooding, which washes and breaks down soil ag-
gregates [56]. Currently, about 40% of the habitable land worldwide (excluding
deserts, glaciers, and rocks) has been transformed into agricultural (cultivated
and/or pasture) areas. Nonetheless, currently cultivated areas correspond to ap-
proximately 25% of that total [57]-[59]. Land overexploitation causes a decrease
in the soil organic matter content, directly impacting fertility and biodiversity, espe-
cially microbial diversity. Shifts in microbial diversity are indicators of soil degrada-
tion [60]. Land preparation processes in annual crops, for example, break down
soil aggregates, causing an imbalance in the microbiota (e.g. bacteria and fungi
involved in organic matter degradation processes) which, consequently, in-

creases CO; consumption, decreasing soil organic carbon stocks [61].

How organic contaminants act on microbial communities in terms of car-
bon decomposition is still not very well understood [7]. However, it is known that
the plant-microbe interactions are directly affected by environmental changes,

both positively and negatively [62]. Studies have shown that high levels of CO,
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favor root colonization by mycorrhizae and improve the interaction between rhizo-
bia and legumes [63]. The literature describes that the presence of symbiotic
microorganisms can mitigate or even neutralize the effects of aridity or adverse
temperatures on plants (native and cultivated), increasing their tolerance and al-
lowing better development [64], [65]. Therefore, understanding the complex ac-
tion of microorganisms in the soil is essential to ensure greater agricultural pro-
ductivity. Throughout time, bacteria and fungi remain key elements for the avail-
ability of nutrients and the response of their plant hosts to the challenges pre-

sented by the environment.

4.5 The role and characteristics of the soil in coastal agriculture

Cultivation forms and main crops change according to the region across
the Latin American coast, in large part due to different climatic conditions, nutrient
availability, and ecosystem type. In coastal regions, these factors are influenced
by rivers and seas, which change their dynamics and course over time on Earth
[66]. This influence can be verified through the sail, in the local ecosystem, and

even in geopolitical characteristics [67].

The Latin American coast has a great diversity of landscapes, with the in-
fluence of the Andes mountain range on the Pacific coast, which contributes to the
formation of commonly arid regions through the blocking of winds and rain, in the
region known as Diagonal Arid [6]. On the other hand, the Atlantic coast, mainly
due to the tectonic movements of the South American plate, does not have com-
parable mountain ranges, being influenced by the deltas of large rivers, such as

the Rio de la Plata, Sdo Francisco, and Amazonas [68].

Among the coastal or predominantly continental biomes and ecosystems
with coastal portions most affected coastal agriculture in Latin America (as seen
in (Boit et al. (2016) [69] and Reis et al. (2020) [70]) are (i) savannas such as the
pampas between Brazil, Uruguay, and Argentina and a portion the cerrado; (ii)
tropical forests such as the Atlantic Forest, which covers most of the Brazilian
coast, the Choco-Darién Forest in Colombia, Forests in southern Mexico and a
small coastal portion of the Amazon forest, and (iii) arid and semi-arid coastal re-
gions, in Andean biomes in Colombia, Peru, Chile, and Mexico, and a small por-

tion of the Brazilian Caatinga (Figure 1).
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Historical maps from FAO [71] show different farming systems in Latin
America, some of which are characteristic of coastal regions. In these more arid
parts of the continent, irrigated farming systems predominate, including northern
Mexico and the entire Andean chain; “Pampas and Campos” farms dedicated to
the production of cereals and livestock, covering the Mar del Plata region and
southern Brazil; mixed intensive agriculture, covering part of the Brazilian Atlantic
Forest; and “Coastal plantation and mixed”, in most of the non-arid Latin Ameri-
can coast. Although such historical documents might be outdated, it is clear that a
large part of this distribution of systems is maintained, considering the main areas

of palm oil production [72], cocoa [73], and sugarcane [74], for example.
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Figure 4:Presence-absence map and adjacent clustering of regions based on cultivated crops
according to USDA.Green (presence) Gray (absence)

As seen in Figure 1, when analyzing USDA (United States Department of
Agriculture) geographic distribution data [72], there is slight geographic segmen-
tation among crops in Latin America; while wheat, corn, and sorghum are widely
distributed, crops such as oats, rye, barley, and sunflower are more restricted and

co-occur (Figure 1). However, according to our review of the data, some regions
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and provinces are multifaceted in crop distribution. For example, the province of
Buenos Aires, Argentina (not to be confused with the Autonomous City of Buenos
Aires, the capital of the country) concentrates the planting of nine of the 15 in-
cluded crops, missing only the cultivation of peanuts, rice, cotton, and palm oil
(Agricultural data is for all Argentina is available under
<https://datos.magyp.gob.ar/dataset>, accessed on April 12, 2022). Other geo-
graphically close regions, especially the provinces of Colonia and San José in
Uruguay, and the three states that make up southern Brazil (Rio Grande do Sul,
Santa Catarina, and Parana), are united by the cultivation of wheat, corn, and
soybeans, with exception to the state of Santa Catarina, where soybean planting
in coastal regions was not detected [72]. These similarities can be partially ex-
plained by climatic conditions, soil formation in the Rio de la Plata basin, and the
presence of the Pampa biome, common to Uruguay, parts of Rio Grande do Sul
and Argentina. Some planting differences include the presence of sunflower and
barley in Uruguayan regions, absent in neighboring regions in Brazil, and corn

planting in Brazilian states, absent in Uruguayan regions.

Other agricultural hubs are present on the Pacific coast of northern Latin
America, including the departments of Narifio, Cauca, and Valle del Cauca in
Colombia and the departments of Ancash, Arequipa, La Libertad, and Lam-
bayeque in Peru, which are major producers of wheat, rice, and corn. In Cauca
and Narifio, peanuts and oil palm are also planted [75], [76]. These regions are
quite geographically distinct; the Colombian coast has a greater presence of hu-
mid forests, where the soil can contain large amounts of organic matter in superfi-
cial layers, deposited by litter and other decaying elements [77]. Even so, deeper
layers are often nutrient-poor, making them unsuitable for agriculture [78]. Mean-
while, the Peruvian coast, like the Chilean coast, is arid and bounded by the An-

dean mountain range.

4.6 Microbial inoculants as a sustainable alternative
The use of microbe-based agricultural inoculants is not a recent technol-
ogy. According to Santos et al. (2019) [79], the first patent describing the use of

microbial inoculants dates to 1896, which indicates its informal use years prior to

that. Microorganisms participating in these formulations generally improve plant
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growth through the increase in phosphorus and nitrogen uptake, macronutrients
that are essential to all living beings, especially in the processes of nucleotide and
amino acid synthesis. Thus, such elements are commonly limiting factors in plant
growth and their supplementation brings better yields [21]. Likewise, other factors
can limit agricultural production, such as diseases of various types caused by all
domains of life, especially bacteria, fungi, nematodes, and viruses. The monocul-
ture scheme, still widely used despite its known risks, has greater susceptibility to
pests, since the cultivated plants are usually clonal or genetically similar. These
factors can help to explain the need for fertilizers and pesticides, however, their
wide use and difficulty of replacement bring great challenges in the field, because

despite being profitable, chemical fertilizers have a high environmental cost.

Estimated emissions of NO, (nitrous dioxide) indicate that agriculture is
responsible for the emission of 86.6% of this gas, which means that the fertilizer
industry is a considerable emitter of GHGs [80]. During the application of nitrogen
fertilizers, N>O (nitrous oxide) is released into the atmosphere. This greenhouse
gas is 300 times more potent than carbon dioxide [81]. The use of phosphate fer-
tilizers also has limitations; taken from rocks, phosphate reserves are currently
running out [82]. In this scheme, it is estimated that only 15 to 25% of applied
phosphorus is absorbed by plants [83] that part of the fertilizers not used by the
plants leaches into water bodies (rivers, lakes, estuaries, and finally, the sea),
which then become eutrophic due to the increase in nutrients load (especially ni-
trogen and phosphorus), which profoundly unbalances the community of micro-
organisms, and therefore, all the fauna and flora of these environments [84]. Eu-
trophication also leads to the proliferation of cyanobacteria and dinoflagellates,
causing the so-called algal blooms. In addition to preventing the entry of light by
covering the surface of water bodies and consequently corrupting the oxygen cy-
cle, these microorganisms commonly produce harmful toxins for human and envi-
ronmental health [85]. In summary, microbial inoculants bring positive perspec-
tives to the agricultural sector, since they generate an increase in productivity and
present a low risk of environmental contamination, in addition to affordable selling
prices [86] or being a nature-based solution that optimizes the role already played

by beneficial microorganisms in biogeochemical cycles.
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Some studies propose complementing chemical fertilization with microbial
inoculants; for example, offering rock phosphate together with phosphate-solubi-
lizing microorganisms, ensuring the gradual release of that nutrient, as required
by the plant, thus reducing costs and avoiding problems with leaching and eu-
trophication [87]. A study conducted by Ditta et al. (2018) [88] compared the effec-
tiveness of organic fertilizers enriched with natural phosphate, associated with
phosphate-solubilizing microorganisms, and the use of diammonium phosphate
used in legumes, showing very similar results between the two treatments, espe-
cially when there is an association of the organic fertilizer with PSM and diammo-
nium phosphate, with an increase in soil aggregate stability by up to 37%, an in-

crease of up to 24% in the nodules and an increase in the aerial part by up to 19%.

Another interesting strategy is the formulation of microbial inoculants using
microorganisms native to that given environment where they will be applied. In
this case, a previous phase of bioprospecting for PGPM strains is necessary. In
this way, the survival of microorganisms is not compromised, as they are already
adapted to the environment. Two examples are available in the Northeastern re-
gion of Brazil; Fernandes & Fernandes (2000) [89] characterized rhizobia from
coastal flatlands in the city of Aracaju, in the State of Sergipe (Figure 1) with bio-
logical nitrogen fixation capacity when associated with pigeon pea (Cajanus ca-
Jan). The native rhizobia of coastal tablelands showed great potential for use as
pigeon pea inoculant, as they have a high capacity for biological nitrogen fixation
and characteristics that favor survival in the soil. Souza & Martins (2010) [4] se-
lected isolates of native rhizobia from agricultural soils in the municipality of Areia,
State of Paraiba (Figure 1), and found native nitrifying bacteria capable of nodu-

lating and fixing nitrogen in Vigna unguiculata.

Studies carried out in several countries with microorganisms from coastal
regions with dunes have revealed potential microorganisms for use in agriculture,
mainly due to the production of Indole Acetic Acid (IAA), increasing the yield of
bean seedlings, production of gibberellin used in the production of rice demon-
strating root growth. Rhizobia isolated from legumes from dune regions on the
west coast of India demonstrated the ability to increase nodulation and nitrogen

fixation, in addition to increasing the development of cowpea roots and shoots.
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The biggest difficulties in the implantation of microbial inoculants in world
agriculture have been mainly the competition of traditional methods already
widely used of chemical fertilization and, to a lesser extent, the need for more re-
silient protocols, which serve different cultures in different regions worldwide [90]-
[92]. However, we hypothesize that this technology will become progressively
more widely used and well established, due to unsustainability and environmental
damage caused by years of chemical fertilizer use. The excessive use of agro-
chemicals, mainly in coastal areas causes damage because the high amount of
these products make the soil even more salinized, causing losses in agricultural
production [93]. To minimize these losses and improve soil quality, new sustain-
able and non-toxic alternatives need to be explored. Thus, the use of microorgan-
isms (bacteria and fungi) that maintain, at the same time, beneficial associations
with plants and resistance to different abiotic stresses is a viable alternative [21],
[94], [95]. Some products have been developed and commercialized as microbial
inoculants. As an example, some plant growth-promoting bacteria were listed by
[96]: Agrobacterium radiobacter, Azospirillum brasilense, Azospirillum lipoferum,
Azotobacter chroococcum, Bacillus fimus, Bacillus licheniformis, Bacillus mega-
terium, Bacillus mucilaginous, Bacillus pumilus, Bacillus spp., Bacillus subtilis,
Bacillus subtilis var. amyloliquefaciens, Burkholderia cepacia, Delfitia acidovo-
rans, Paenobacillus macerans, Pantoea agglomerans, Pseudomonas aureofa-
ciens, Pseudomonas chlororaphis, Pseudomonas fluorescens, Pseudomonas
solanacearum, Pseudomonas spp., Pseudomonas syringae, Serratia ento-
mophilia, Streptomyces griseoviridis, Streptomyces spp., Streptomyces lydicus

and various Rhizobia spp.

Microbial inoculants can be composed of single microorganisms or micro-
bial consortia. They can be applied either to seeds [97] to the plant or directly to
the soil [98]. Generally, microbial inoculants used in agriculture are classified into
three categories depending on the microorganisms involved: Bacterial inoculants
involve nitrogen-fixing bacteria, phosphorus-solubilizing bacteria and symbiotic
(fixing with the host plant), non-symbiotic (free-living) or associative (free-living
with the host plant) bacteria (i), Fungal inoculants: arbuscular mycorrhizae and
phosphorus-solubilizing fungi (ii), or Compound inoculants and consortia: a com-

bination of two or more microbial inoculants (iii) [99]. Some countries in Latin
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America were cited by Basu et al. (2021) [100] as manufacturers of microbial in-

oculants based on nitrogen-fixing bacteria (Table 1).

Table 1: An overview of PGPM-based biofertilizer products available in Latin America available.

Name PGPR Strains Country Crops
Zadspirillum Azospirillum brasilense Argentina Corn
Rizo-Liq Brgg’},/; héfgf,',”",%,f,go b%%vszrgéz.o- Argentina Soybean
Rizo-Lig Top Bradyrhizobium japonicum Argentina Soybean
Argentina
BiAgro 10® Bradyrhizobium japonicum Brazil Soybean
Bolivia
Dimargon® Azotobacter chroococcum Colémbia Cotton Soybean
Nitrasec Rhizobium sp. Uruguay Soybean

Table 2 presents commodities crops that make use of commercial micro-
bial inoculants, as well as research papers that showed microorganisms with po-
tential for future application. The microbial inoculants presented are mostly formu-
lated by bacteria, with an emphasis on the genus Bradyrhizobium. The main cul-
tures that make use of these microbial inoculants are soy and sugarcane, while
most of the related research was conducted in Brazil, followed by Argentina. In
sugarcane, we also highlight the isolation of PGPM with great biotechnological
implications, such as Gluconacetobacter diazotrophicus [101], [102] and
Herbaspirillum seropedicae [103]. Research works were found with other cultures
such as (Zea mays, Oryza sp) related to microorganisms that promote plant
growth and which are less represented in research, even though these cultures
are economically and culturally important. More information regarding other cul-
tures was also found, but with fewer results obtained in the search, (e.g. cotton,
banana, peanut, sunflower, and wheat). This shows that there is a lot of room for
the growth of research related to these cultures and the formulation of microbial
inoculants to improve the cultivation, mainly, to alleviate the abiotic stresses that

affect coastal areas in Latin America.
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Table 2: Microbe-mediated benefits to plant growth and yield. “Yield” means biomass, the aerial
part of the plant, or grain size.

Crops Microorganism Main Impacts Country Reference
Soybean ) i-
R. clarus +20% root coloni- g 4 [104]
Cotton zation
(") : _
Soybean +16,3€ yield (soy
R. clarus ean) Brazil [105]
Corn +20% yield (corn)
Soybean B. japonicum +6,39% vyield Argentina [106]
Soybean B. elkanii +40% beans yield  Uruguay [42]
Bacillus,
Corn Brevibacillus, Staphylo— +56-86% yleld Brazil [107]
coccus, Paenibacillus
Corn A. brasilense
+16-30% vyield Brazil [108]
Wheat A. lipoferum
A. brasilense
Rice +11% yield Argentina [109]
P. fluorescens
o N
Wheat Bacillus sp +38% heightin 4o ico [110]
aerial parts
O. intermedium, 0 i
Peanut +9.2A’ dr_y lblor;:ass Argentina [111]
Pantoea sp in aerial parts
A. xylosoxidans Alcali- _
Sunflower genes sp Increase in dry Argentina [112]
biomass of roots
B. pumilus
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4.7 Conclusions

Agriculture is one of the oldest human activities and it is always innovating
to meet the food needs of the population. As our growth has been exponential, it is
an activity with high demand, which increasingly seeks to be productive, offering
quality products to people. However, we are experiencing times of profound
change, especially concerning climate change, which intensifies abiotic stresses
such as salinity and water deficit, bringing challenges to the era of Agriculture 4.0.
One perspective to circumvent such negative effects is to complement the use of
non-renewable chemical fertilizers and pesticides with microbial inoculants. In
this way, it will be possible to improve the quality of soils, avoid the loss of diver-
sity, and conserve water bodies, promoting sustainable and safe agriculture. Abi-
otic stresses, including environments with high salinity and water deficit, ad-
versely affect the structure, composition, and physiological activities of crops and
soil microorganisms. In addition, these stresses disrupt the physiological and
metabolic processes of crops, leading to large crop losses worldwide. Habitats
with these characteristics, such as coastal areas, are, however, a source of
MPCVs that, in addition to providing nutrients to plants and soil, can improve the
response to abiotic stresses of crops, maintaining agricultural productivity. The
ability to facilitate plant growth by providing important nutrients such as nitrogen
and phosphorus, especially in soils with these deficiencies, is one of the func-
tional properties of abiotic stress-tolerant MPCV. Microbial inoculants are biotech-
nological products used for several purposes, the main one being the comple-
mentation or even replacement of chemical fertilizers. Interest in the use of micro-
bial inoculants containing bacteria and fungi, which promote plant growth, is likely
to increase in the coming years, due to the higher costs of fertilizers, and mainly
with concerns about pollution and emphasis on sustainable agriculture. So, to
guarantee food security for the population, it is necessary to explore new ways
and microbial inoculants are a successful practice, which can bring a solution to

the problems of agriculture in the 21st century.
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5 Capitulo 2 Isolation and characterization of plant growth-promoting
bacteria associated with Salvinia auriculata Aublet
5.1 Abstract

Salvinia auriculata Aublet is a floating aquatic plant, capable to absorve the ex-
cess of nutrients and water contaminants, and can be used in effluent treatment
plants. The ability to survive in degraded areas may be related to the association
with beneficial bacteria capable of promoting plant growth. However, little is
known about the microbiota associated with this aquatic plant and its potential
application to the aquatic environment. In this sense, this work aims to identify
bacteria associated with S. auriculata that could be able to promote plant growth.
Eighteen bacterial strains were identified by sequencing of the 16S rRNA gene,
belonging to the genera Rhizobium, Bacillus, Curtobacterium, Enterobacter,
Pseudomonas, Siccibacter, and Stenotrophomonas. All isolates produced indole
compounds, 12 fixed N,, and 16 solubilized phosphate. A new strain of Enter-
obacter (sp 3.1.3.0.X.18) was selected for inoculation into S. auriculata. For this
purpose, 500 mL of nutrient solution and 1 g of the plant were used in the control
and inoculated conditions. Enterobacter inoculation promoted a significant in-
crease (p< 0.05) in fresh plant biomass (17%) after 4 days of cultivation. In sum-
mary, the present study characterized 18 plant growth-promoting bacteria iso-
lated from S. auriculata with potential for biotechnological application such as the
production of bioinoculants or biomass resources to protect or improve plant

growth under conditions of stress.

Keywords: Aquatic Plant, Plant Growth-Promoting Bacteria, Plant and

Microorganism Association
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5.2 Introduction

Salvinia auriculata Aublet is a free-floating macrophyte in the family Salv-
inacea, which, under favorable conditions, quickly grows and spreads by vegeta-
tive propagation, colonizing large freshwater surfaces in a short time (Esteves
2011; Pott et al. 2011). Due to their small size and ease of cultivation, plants of the
genus Salvinia have been used as a model for the study of aquatic macrophytes,
including the molecular characterization of these plants at the genomic level
(Leal-Alvarado et al. 2018; Machado et al. 2016).

Considering that the symbiotic interactions between plants and plant
growth-promoting bacteria (PGPB) in the terrestrial environment are well-estab-
lished, many studies have been carried out to isolate and characterize PGPB as-
sociated with important crops (Bevivino et al. 1998; Sajjad Mirza et al. 2001;
Verma, Ladha, and Tripathi 2001). PGPB stimulate host plant growth through the
production of phytohormones, such as indole-3-acetic acid, which directly pro-
mote plant growth (Gilbert et al. 2018; Glick 2012; Johnston-Monje and Raizada
2011). Likewise, PGPB can also improve plant growth through the biological fixa-
tion of atmospheric N, (BNF) (Van Der Heijden, Bardgett, and Van Straalen 2008;
Jones et al. 2007) and the solubilization of mineral nutrients such as phosphate,
which occurs through the production of organic acids and phosphatases (Chen et
al. 2006; Rodriguez and Fraga 1999; Vazquez et al. 2000).

Even though microbial interactions with terrestrial plants are relatively well
known, the study of PGPB associated with aquatic plants is quite recent. The ex-
periments by Ishizawa et al. (2017), for example, showed that there was an in-
crease in the production of plant biomass of the aquatic macrophyte Lemna minor
when bacterial communities were co-cultivated with the plant. Saha et al. (2016)
used Typha angustifolia as a study model, isolating endophytic microorganisms
from this macrophyte. When inoculated in rice, these bacterial isolates also pro-
moted plant growth in the new host. In the work by Ortega-Acosta et al. (2015)
most of the isolates from Lemna gibba were shown to produce indole compounds.
These studies show that microbial isolates from aquatic plants might present

growth-promoting characteristics, and these PGPB exert positive effects on
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growth when inoculated into a new host plant, similar to that observed in terres-

trial cultures.

In this research, we explore the potential benefits that emerge in studying
Salvinia auriculata and its associated bacteria as a model. As with most plants, it
is hypothesized that Salvinia auriculata is colonized by PGPB which might posi-
tively shape plant growth. In the present study, we identify bacteria associated
with S. auriculata capable of promoting plant growth and describe and discuss
PGPB associated with this plant.

5.3 Materials and Methods
5.3.1 Cultivation of Salvinia auriculata Aublet

S. auriculata was cultivated in a greenhouse in a nutrient solution at 25%
dilution, and pH 5.8 £ 0.1 (Hoagland and Arnon 1950) throughout all assays. Ac-
cording to the National Institute of Meteorology (INMET), with data from the Mete-
orological Station of Campos dos Goytacazes (RJ, Brazil), the mean photoperiod
conditions ranged from 12h during the day and 12h at night, with average temper-
atures of 25 °C during the day and 18 °C at night. The relative humidity of the air
was approximately 70%.

5.3.2 Bacterial strains isolation and cultivation

Adult plants with healthy, symptomless, green leaves, with approximately
0.5 cmin leaf diameter and 1 cm in root length, were brought from the greenhouse
to the laboratory. Excess water from the plants was removed by placing them for
10 min on paper towels. 0.5 g of the drained plant tissue was washed in 10 mL of
sterile distilled water for 1 min, twice. Then, the plants were transferred to 10 mL
of sterile saline solution (0.85% NaCl) and incubated for 10 min in ultrasound.
Subsequently, the plants were macerated in this same solution and the obtained
extract was plated on DYGS medium (Rodrigues Neto, Malavolta Jr, and Victor
1986). The plates were incubated at 30 °C for up to 72h. After the colonies had
grown, the bacteria were isolated based on morphological characteristics, includ-
ing color, elevation (present or absent), edge (regular or irregular), surface
(smooth or rough), and optical detail (bright, translucent, or opaque) (Perin 2007).

The colonies presenting distinct characteristics were incubated in 5 mL liquid

40



DYGS medium at 175 rpm in an orbital shaker at 30 °C for 16h and the isolates
were purified through crossed streaks. The cells were also analyzed under an

optical microscope to observe their shape and to analyze their Gram stainpattern.
5.3.3 Molecular Identification of Isolates

Genomic DNA was extracted with Plant DNAzol (Invitrogen) according to
the manufacturer's manual. Quantification of genomic DNA was performed using
NanoDrop/2000c Spectrophotometer (Thermo Fisher Scientific). For amplifica-
tion of the 16S rRNA gene region primers for the Eubacteria domain fD1 (27F5'
AGAGTTTGATCCTGGCTCAG3’) and rD1 (1429R5'AAGGAGGTGATCCAGCC3') were
used (Weisburg et al. 1991). The amplification reaction contained 2.5 pL of 10x
Taq buffer (100 mM Tris-HCI, pH 8.8, 500 mM KCI, 1% Triton-X 100), 2 yL 25 mM
MgCl,, 0.5 yL of 10 mM dNTPs, 1 uL of each primer (10 pmol), 0.25 pL of Tag DNA
polymerase (2.5 U), 100 ng DNA and sterile ultrapure water for a final volume of
25 uL. The cycle used was: 95 °C for 5 min; 3 pre-amplification cycles of 95 °C for
30 s; 55 °C for 30 s 72 °C for 2 min. Then, there were another 40 cycles of amplifi-
cation of 95 °C for 30 s; 55 °C for 30 s, 72 °C for 2 min, and 72 °C for 10 min. In the
end, the samples were cooled to 4 °C still in the thermocycler. Sanger sequencing
was performed by ACTGene Sequencing Service (Ludwig Biotecnologia Ltda,
Rio Grande do Sul, Brazil). Sequence analysis and editing were performed in
BioEdit v7.0 (Hall, Ibis Biosciences, and Carlsbad 2011). Consensus sequences
were identified with BLASTN (Camacho et al. 2009). Sequence alignment was
performed with Mafft Online (Katoh, Rozewicki, and Yamada 2018) and a Maxi-
mum Likelihood tree was obtained in MEGA X with 500 bootstrap repetitions (Ku-
mar et al. 2018).

5.3.4 Atmospheric N; fixation

Bacteria were cultivated in DYGS medium until reaching optical density
(600 nm) equivalent to OD 1.0, then centrifuged and washed with saline solution
(0.85% NaCl) to remove leftover culture medium and other possible nitrogen
sources. 20 pl aliquots of the culture were inoculated into 10 mL flasks containing
5 mL of the semi-solid culture media NFb and JNFb (Ddbereiner, Andrade, and
Baldani 1999). Assays were carried out in triplicate and the flasks were kept for 10

days at 30 °C in a bacteriological incubator. After this period, we analyzed the ab-
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sence or presence of the aerotaxic film formed by the isolates with active nitroge-
nase enzyme. Cultures were subcultured to new media three times and bacteria

that remained forming films were considered positive for BNF.
5.3.5 Production of indole compounds

To assess the production of indole compounds, the Salkowsky method
(Sarwar and Kremer 1995) was used. The isolates were cultivated until reaching
OD (600 nm) = 1.0 and 100 pL culture aliquots were inoculated in 2 mL of DYGS
medium, with and without the addition of tryptophan (100 ug.L™"), being kept in the
dark for 72 at 30 °C in an orbital shaker at 175 rpm. To evaluate the synthesis of
indole compounds, 1 mL of the culture was centrifuged at 13,000 rpm for 5 min
and 100 uL of the supernatant was transferred to a microplate. Then, 100 pL of
Salkowsky's reagent was added and the plate was incubated in the dark for 30
min. The samples were analyzed in a spectrophotometer at 544 nm and the quan-
tification of indole compounds produced was measured using a calibration curve
with indole-3-acetic acid, relating absorbance and concentration of indoles. The

assay was performed in triplicate for each isolate.
5.3.6 Phosphate solubilization

The isolates were cultivated until reaching OD (600 nm) = 1.0. Subse-
quently, an aliquot of 10 uL of inoculum was placed on a Petri dish containing
basal medium (Verma et al. 2001) plus 0.8 g.L" of Cas(PO4).. The plates were in-
cubated in an incubator for 72h and after this period the formation of a solubiliza-
tion halo was observed (Intorne et al. 2009). The assay was performed in tripli-

cate for each isolate in three independent experiments.
5.3.7 Plant growth promotion test

Based on the studied plant growth-promoting characteristics, a bacterium
was selected for inoculum in S. auriculata. In this sense, plants were acclimated
for seven days in a greenhouse using a Hoagland nutrient solution at 25% (Bizzo
et al. 2014; Hoagland and Arnon 1950). After this period, samples of plants with-
out disease symptoms, with around 0.5 cm in leaf diameter and 1 cm in root
length, were brought to the laboratory, where excess water was removed, and the

plants were weighed. Then, 1 g of the plant was transferred to pots containing 500
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mL of nutrient solution and 1 mL of selected bacteria inoculum at an OD = 1.0. No
bacterial culture was added to the control condition. The plants were kept for four
days in a greenhouse. Five replicates were analyzed for the treatments, and the
experiments were carried out three times. At the end of each experiment, fresh
and dry (after drying the samples at 60 °C for four days) biomass was evaluated.
The photosynthetic pigments (chlorophyll a, b, and carotenoids) were determined
according to the method of Wellburn (1994). S. auriculata plants (50 mg of FB)
were placed in plastic test tubes containing 5 mL dimethyl sulfoxide reagent
(DMSO) as an organic solvent and kept in the dark. After 4 days, the extract was
analyzed in a spectrophotometer at 480 nm, 649 nm, and 665 nm. All the labora-

tory procedures were carried out in a low-light environment.
5.3.8 Statistical Analysis

Data were tested for adequacy to a normal distribution and for homogene-
ity of variance using the Shapiro-Wilk and Levene tests, respectively. When nec-
essary, data were log-transformed to ensure homogeneity of variance. A compari-
son of treatment means was performed using the Student's T-test at a 5% signifi-
cance level using the R studio software. The data obtained show mean and stan-
dard error (SE). Three randomized repetitions were performed, totaling six experi-

mental units.
5.4 Results
5.4.1 Bacteria associated with Salvinia auriculata Aublet

In total, 18 distinct cultivable bacteria were isolated from Salvinia. auricu-
lata Aublet based on morphological characteristics of the colony. Description of
cell shape and Gram stain were also noted (Table 1). The 18 isolates were sub-
jected to molecular analysis through partial sequencing of the 16S rRNA gene for
taxonomic determination (Table 1, Figure. 1). The obtained sequences ranged
from 481 to 1479 nucleotides, with identity coverage of 94 to 99% in BLASTN.
Among these isolates, we could identify seven bacterial genera and at least nine
distinct species. To analyze the genetic proximity of these isolates, the partial se-

quence of the 16S rRNA gene was also used to obtain a phylogenetic tree of the
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strains obtained in the isolation, to verify the quality of the sequences obtained

(Figure 1) through their clustering, which is adequate.
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Table 1. Morphological characteristics of colonies and cells, and molecular identification of Salvinia auriculata isolates. Nt: nucle-

otides; ldent: identity.

Species Isolate fcec??:aolzike Lei::?)th Best Hit I?;)r;t Color Elevation Shape Sl::r:a- Porc'::)i:?tly Gram Form
Priestia megaterium 3.1.3.0. X.1 MK558237 1479  LC606532.1 97.92 Beige Present Regular Smooth Bright + Bacilli
Pseudomonas aeruginosa 3.1.3.0. X.2 MK558246 760 OK217196.1 99.17 Green Absent Uneven Rough Opaque - Bacilli
Stenotrophomonas sp. 3.1.3.0. X.3 MK558253 818 MH341934.1 97.31 Yellow Present Regular Smooth Bright + Bacilli
Stenotrophomonas maltophilia  3.1.3.0. X.4 MK558251 960 CP049956.1 98.09 Yellow Present Regular Smooth Bright + Bacilli
Siccibacter colletis 3.1.3.0. X.5 MK558250 1459 NR 134807.1 98.57 White Present Uneven Smooth Translucent + Bacilli
Pseudomonas aeruginosa 3.1.3.0. X.6 MK558247 1499 OP6777751 94.14 Green Absent Uneven Rough Opaque - Bacilli
Curtobacterium sp. 3.1.3.0. X.7 MK558240 1449 ON920698.1 94.05 Yellow Present Regular Smooth Bright + Bacilli
Pseudomonas fulva 3.1.3.0. X.8 MK558248 1112 KT253977.1 96.82 Yellow Present Regular Smooth Bright - Bacilli
Curtobacterium sp. 3.1.3.0. X.9 MK558241 691 MN511778.1  99.40 Yellow Present Regular Smooth Bright - Bacilli
Curtobacterium sp. 3.1.3.0. X.10 MK558242 1453  KJ733897.1 96.97 Yellow Present Regular Smooth Bright + Bacilli
Pseudomonas mosselii 3.1.3.0. X.11 MK558249 670 KF515676.1 95.17 Green Present Regular Smooth Bright + Bacilli
Rhizobium radiobacter 3.1.3.0. X.12 MK558236 1410 MH050420.1 97.69 White Present Regular Smooth Translucent - Bacilli
Enterobacter sp. 3.1.3.0. X.13 MK558244 979 KT260465.1 97.32 White Present Regular Smooth Bright + Cocci
Bacillus toyonensis 3.1.3.0. X.14 MK558239 1461 MG561363.1 97.96 White  Absent Uneven Rough Opaque + Bacilli
Stenotrophomonas maltophilia 3.1.3.0. X.15 MK558252 797 MN889390.1 96.60 Yellow Present Regular Smooth Bright + Bacilli
Bacillus sp. 3.1.3.0. X.16 MK558238 481 MG461474.1 98.93 Yellow Present Regular Smooth Bright + Bacilli
Curtobacterium sp. 3.1.3.0. X.17 MK558243 517 KX618332.1 97.71 Yellow Present Regular Smooth Bright + Bacilli
Enterobacter sp. 3.1.3.0. X.18 MK558245 1460 CP118552.1 97.79 White Present Regular Smooth Translucent - Bacilli
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Figure 1:16S rRNA gene Maximum Likelihood phylogenetic distribution of S. auriculata isolates.

5.4.2 Potential of bacteria to promote plant growth

In our BNF assay (Table 2), 12 bacterial isolates were able to fix atmo-
spheric N, meaning being positive for the formation of an aerotaxic film under the
surface of at least one of the two culture media tested for biological N fixation,
which indicates the activity of nitrogenases. The analysis of indole compounds
revealed that all isolates were positive for the production of indoles, ranging from
0.70 to 28.18 ug.mL™" (Table 2). The highest production was observed for Enter-
obacter sp 3.1.3.0.X.18 and the lowest recorded was for Pseudomonas aerugi-
nosa 3.1.3.0.X.6. Only two bacteria were unable to solubilize phosphate;
Stenotrophomonas maltophilia 3.1.3.0.X.15 and the Curtobacterium sp. 3.1.3.0.
X.A7.
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Table 2. Plant growth-promoting characteristics in S. auriculata Aublet isolates. +

Presence of the feature; - Absence of the feature.

Indoles
Identification NFb  JNFb Solubilization
(vg-mL")
P. megaterium 3.1.3.0. X1 - - 2.89 +
P. aeruginosa 3.1.3.0. X.2 - + 24.00 +
Stenotrophomonas sp 3.1.3.0. X.3 + - 470 +
S. maltophilia 3.1.3.0. X.4 - + 6.97 +
S. colletis 3.1.3.0. X.5 + + 7.90 +
P. aeruginosa 3.1.3.0. X.6 - - 0.70 +
Curtobacterium sp. 3.1.3.0. X.7 - - 3.62 +
P. fulva 3.1.3.0. X.8 - + 6.01 +
Curtobacterium sp. 3.1.3.0. X.9 - - 4.81 +
Curtobacterium sp. 3.1.3.0. X.10 + + 1.91 +
P. mosselii 3.1.3.0. X.11 + + 1.44 +
R. radiobacter 3.1.3.0. X.12 + - 19.63 +
Enterobacter sp 3.1.3.0. X.13 - - 22.72 +
B. toyonensis 3.1.3.0. X.14 - - 1.05 +
S. maltophilia 3.1.3.0. X.15 + + 2.63 -
Bacillus sp. 3.1.3.0. X.16 + + 6.45 +
Curtobacterium sp. 3.1.3.0. X.17 - + 2.66 -
Enterobacter sp. 3.1.3.0. X.18 + + 28.18 +

5.4.3 Growth promotion of S. auriculata by Enterobacter sp.

The interaction assay with the Enterobacter sp. 3.1.3.0.X.18 during 4 days
in S. auriculata shows a significant difference increase of 17,9% in fresh biomass
of inoculated plants compared to the control condition (Figure 2 A). An increase of
11,9% in dry biomass, but no significant difference (Figure 2 B). And finally, our
results show decreases of less than 1,0% in Chlorophyll a and Carotenoids, but,
on the other hand, it shows a decrease of 12,1% in Chlorophyll b (Figure 2 C, D,
E). These photosynthetic pigments of inoculated plants compared to the control

condition, in summary, do not present statistically significant differences.
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Figure 2: Effect of Enterobacter sp. 3.1.3.0.X.18 in Salvinia auriculata in plant biomass and photo-
synthetic pigments. The bacteria promoted an increase in fresh plant biomass (A), with no signifi-
cant difference in dry biomass after 4 days of inoculation (B) and in photosynthetic pigments
(chlorophyll a represented by bar C, chlorophyll b represented by bar D, and carotenoids repre-
sented by bar E) according to the T Test (p< 0.05). Control (only S. auriculata plants), represented
by green bars. Treatment (plants inoculated with Enterobacter sp. 3.1.3.0.X.18 + S. auriculata)
represented by red bars. The asterisk symbol represents a significant difference between treat-

ments.
5.5 Discussion

The current literature on Salvinia auriculata Aublet has described species
distribution (Bini et al. 1999; Forno 1983), and applications for phytoremediation
(Palacio et al. 2020; Panfili et al. 2017; Bizzo et al. 2014; Wolff et al. 2012; Es-
pinoza-Quifiones et al. 2009) that are essential to describe relevant environmen-
tal information. Nonetheless, there is still a gap in the knowledge of the associa-
tion between bacteria and aquatic plants, especially plant growth-promoting bac-
teria (Ishizawa et al. 2019; Suzuki et al. 2014). The present work and some other
recent research have brought the isolation of bacteria from aquatic plants and a
characterization of growth promoters among the isolated strains. Gilbert et al.,
(2018) isolated 47 endophytic bacteria from Lemna minor tissues and evaluated
their production of indole compounds. Ishizawa et al., (2017) isolated and charac-
terized 22 bacteria from the rhizosphere of Lemna gibba. Shehzadi et al., (2016)
obtained 41 endophytic bacteria isolated from three aquatic plants, finding eight
isolates associated with Eichhornia crassipes, 24 with Typha domingensis, and
nine with Pistia stratiotis. Analysis of the DNA sequences of the 18 isolates re-

vealed that most strains belong to different species and genera. Over the next few
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paragraphs, we go over the species and traits evaluated in this work, and whether

they correspond to a novelty in that species/genus.

Some clades among the species and genera isolated from S. auriculata
are already known for their growth-promotion traits, like Curtobacterium strains,
for instance. Diez-Méndez and Rivas (2017) showed an improvement in saffron
production using Curtobacterium herbarum Cs10 isolated from the plant as a
bioinoculant. Research by Vimal et al., (2019) on abiotic stress examined the in-
oculation of plant growth-promoting rhizobacteria under different salinity condi-
tions. According to the authors, Curtobacterium albidum SRV4 is described as a
diazotrophic and indole compounds producer. Rice plants inoculated with this
strain showed significant gains in plant biomass. It was also found that C. albidum
SRV4 is an effective microbial agent to improve the development of tolerance and
relief of salt stress in rice plants. These data corroborate our results; Curtobac-
terium strains isolated from S. auriculata are also diazotrophic and produce indole
compounds (Table 2), which may also have the potential to protect plants against

environmental stresses.

Chinnaswamy et al. (2018) tested growth-promotion traits in Bacillus
megaterium, including a positive indole compound production, but no phosphate
solubilization activity or growth in an N-free medium was possible for that strain.
In our work, B. megaterium 3.1.3.0.X.1 also produced indole compounds and did
not fix N2, but solubilized phosphate (Table 2). This can be explained by the differ-
ent cultivation conditions that were used. Meanwhile, Zhao et al. (2015) observed
the production of indole compounds and phosphate solubilization in this species.
Although some Bacillus species are recognized as PGPB, the association be-
tween Bacillus toyonensis and plants is, to the best of our knowledge, a novelty of
our research despite the genomic analyzes of the species suggesting antimicro-
bial potential against phytopathogens (Lopes et al. 2017). Growth promotion traits
in Rhizobium radiobacter (syn. Agrobacterium tumefaciens) (Young et al. 2001)
found in the microbiota of S. auriculata (strain 3.1.3.0.X.12 strain was dia-
zotrophic, producing indole compounds and solubilizing phosphate) is also ob-
served elsewhere (Banach et al. 2019; Khanghahi et al. 2018; Lee et al. 2015).
Banach et al., (2019) isolated bacteria from the rhizosphere of the aquatic plant

Azolla filiculoides and identified some genera common to those found in S. auric-
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ulata, such as Bacillus and Rhizobium radiobacter. Ishizawa et al., (2019) exam-
ined the colonization and competition dynamics of PGPB and two plant growth
inhibitory bacteria inoculated into the aquatic plant Lemna minor for seven days.
The results showed that PGPB consistently excluded plant growth inhibitors,
even though it coexisted almost in the same proportion with another inhibitor

strain.

Another species found in the microbiota of S. auriculata,
Stenotrophomonas maltophilia, was able to promote an increase in shoot and
root length, chlorophyll content, and total fresh plant biomass when inoculated in
tomato plants (Rojas-Solis et al. 2018). The bacterium was identified as an indole
producer (Naz and Bano 2012), in the same way as isolates 3.1.3.0.X.4 and
3.1.3.0.X.15. Siccibacter colletis was identified in poppy seed isolation. Jackson
et al., (2015) did not observe the production of indole compounds in their strains.
In the present work, strain 3.1.3.0.X.5 is an indole compounds producer, dia-
zotrophic, and phosphate solubilizer. As prementioned, such differences can also
result from different growing conditions. Pseudomonas is a broad clade, found in
various water, soil, and plant environments. These bacteria have high adhesion
and biofilm-forming capacities, being used in the production of biosurfactants, in
biological control, and as a promoter of plant growth (Ma et al. 2018; Uzair et al.
2018; Zhao et al. 2018). In Pseudomonas aeruginosa, the production of indole-3-
acetic acid and phosphate solubilization have already been verified (Ndeddy Aka
and Babalola 2016). Such results agree with the data obtained for the isolates of

the genus Pseudomonas in the present work (Table 2).

Even though it is largely studied for its clinical aspects, the genus Enter-
obacter is also associated with different plants and soil environments. Some re-
search works describe different species of Enterobacter in plants, such as sun-
flower Shahid et al., (2012), wheat (Borham et al. 2017), and corn (Ogbo and
Okonkwo 2012). These works highlight plant growth promotion traits that we also
evaluated in our research, especially phosphate solubilization and phytohormone
production. No-fixating Enterobacter strains are also described (Lin et al. 2012).

Even though these findings corroborate our results (Table 2, Fig. 2).
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Photosynthesis is the process by which plants use the energy of sunlight to
assimilate CO, from the atmosphere and convert it into soluble carbohydrates,
which are then used for plant growth (Biel and Fomina 2015). Makino et al.,
(2022) and Suzuki et al., (2014) suggest that an increase in photosynthetic activ-
ity associated with increased chlorophyll content is one of the reasons for the
growth-promoting effect on aquatic plants. Our results comparing chlorophyll a,
chlorophyll b, and carotenoids production were not statistically significant be-

tween Enterobacter inoculated plants and the control.

The interaction between aquatic plants and bacteria, although little stud-
ied, occurs in water bodies and must have a relevant ecological role in the mainte-
nance of the ecosystem. Plant exudates attract microorganisms, forming true mi-
crobial communities with characteristics that can help plant growth, through spe-
cific mechanisms and the organic compounds produced, bacteria help to protect
the developing plant tissue (Srivastava et al. 2017). Thus, it is possible to envision
the application of these PGPB in contaminated areas together with aquatic plants,

seeking an efficient, low-cost, and less costly treatment for the environment.
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5.6 Conclusion

Taken together, these results demonstrate that each isolate obtained from
S. auriculata has the potential to be explored as a biotechnological product in
pure cultures or even in microbial consortia, which is more similar to what is found
in nature. In the present study, we isolated 18 cultivable bacteria associated with
S. auriculata. All isolates have shown growth-promotion traits, and plant inocula-
tion with Enterobacter sp. 3.1.3.0.X.18 significantly increased the fresh biomass
of S. auriculata in just four days after inoculation, which reveals the viability of us-
ing endogenous PGPB for bioaugmentation, which can be used in processes of

remediation.

52



5.7 References

Banach, Artur, Agnieszka Kuzniar, Radostaw Mencfel, and Agnieszka Wolinska. 2019.
“The Study on the Cultivable Microbiome of the Aquatic Fern Azolla filiculoides L.
as New Source of Beneficial Microorganisms.” Applied Sciences (Switzerland)
9(10):1-20. doi: 10.3390/app9102143.

Bevivino, Annamaria, Sabrina Sarrocco, Claudia Dalmastri, Silvia Tabacchioni, Cristina
Cantale, and Luigi Chiarini. 1998. “Characterization of a Free-Living Maize-Rhi-
zosphere Population of Burkholderia cepacia: Effect of Seed Treatment on Dis-
ease Suppression and Growth Promotion of Maize.” FEMS Microbiology Ecology
27(3):225-37. doi: 10.1016/S0168-6496(98)00069-5.

Biel, K., and |. Fomina. 2015. “Benson-Bassham-Calvin Cycle Contribution to the Or-
ganic Life on Our Planet.” Photosynthetica 53(2):161-67. doi: 10.1007/s11099-
015-0112-7.

Bini, L. Mauricio, Sidinei M. Thomaz, Kevin J. Murphy, and Antonio F. M. Camargo.
1999. “Aquatic Macrophyte Distribution in Relation to Water and Sediment Condi-
tions in the Itaipu Reservoir, Brazil.” Hydrobiologia 415:147-54. doi: 10.1023/A.

Bizzo, Andresa Lana Thomé, Aline Chaves Intorne, Pollyana Honério Gomes, Marina
Satika Suzuki, and Bruno dos Santos Esteves. 2014. “Short-Term Physiological
Responses to Copper Stress in Salvinia auriculata Aubl.” Acta Limnologica
Brasiliensia 26(3):268-77. doi: 10.1590/s2179-975x2014000300006.

Borham, Ali, Elsayed Belal, Metwaly Metwaly, and shokry El-gremy. 2017. “Phosphate
Solubilization by Enterobacter cloacae and Its Impact on Growth and Yield of
Wheat Plants.” Journal of Sustainable Agricultural Sciences 43(2):89-103. doi:
10.21608/jsas.2017.1035.1004.

Camacho, Christiam, George Coulouris, Vahram Avagyan, Ning Ma, Jason Pa-
padopoulos, Kevin Bealer, and Thomas L. Madden. 2009. “BLAST+: Architecture
and Applications.” BMC Bioinformatics 10:1-9. doi: 10.1186/1471-2105-10-421.

Chen, Y. P., P. D. Rekha, A. B. Arun, F. T. Shen, W. A. Lai, and C. C. Young. 2006. “Phos-
phate Solubilizing Bacteria from Subtropical Soil and Their Tricalcium Phosphate
Solubilizing Abilities.” Applied Soil Ecology 34(1):33—41. doi: 10.1016/
j-apsoil.2005.12.002.

Chinnaswamy, A., T. Coba de la Penfia, A. Stoll, D. de la Pefia Rojo, J. Bravo, A. Rincén,
M. M. Lucas, and J. J. Pueyo. 2018. “A Nodule Endophytic Bacillus megaterium
Strain Isolated from Medicago Polymorpha Enhances Growth, Promotes Nodula-
tion by Ensifer Medicae and Alleviates Salt Stress in Alfalfa Plants.” Annals of Ap-
plied Biology 172(3):295-308. doi: 10.1111/aab.12420.

Diez-Méndez, Alexandra, and Raul Rivas. 2017. “Improvement of Saffron Production
Using Curtobacterium herbarum as a Bioinoculant under Greenhouse Condi-
tions.” AIMS Microbiology 3(3):354—64. doi: 10.3934/microbiol.2017.3.354.

Débereiner, Johanna, Vanderlei de Oliveira Andrade, and Vera Lucia Divan Baldani.
1999. Protocolos Para Preparo de Meios de Cultura Da Embrapa Agrobiologia.
Seropédica, Brazil.

Espinoza-Quifiones, F. R., A. N. Mddenes, L. P. Thomé, S. M. Palacio, D. E. G. Trigue-

53



ros, A. P. Oliveira, and N. Szymanski. 2009. “Study of the Bioaccumulation Kinetic
of Lead by Living Aquatic Macrophyte Salvinia auriculata.” Chemical Engineering
Journal 150(2-3):316—22. doi: 10.1016/j.cej.2009.01.004.

Esteves, F. A. 2011. Fundamentos de Limnologia. 3rd ed. edited by Interciéncia. Rio de
Janeiro.

Forno, I. W. 1983. “Native Distribution of the Salvinia auriculata Complex and Keys to
Species Identification.” Aquatic Botany 17(1):71-83. doi: 10.1016/0304-
3770(83)90019-0.

Gilbert, Sarah, Jenny Xu, Kenneth Acosta, Alexander Poulev, Sarah Lebeis, and Eric
Lam. 2018. “Bacterial Production of Indole Related Compounds Reveals Their
Role in Association between Duckweeds and Endophytes.” Frontiers in Chem-
istry 6(JUL):1-14. doi: 10.3389/fchem.2018.00265.

Glick, Bernard R. 2012. “Plant Growth-Promoting Bacteria : Mechanisms and Applica-
tions.” Scientifica 2012:1-15.

Hall, Tom, Ibis Biosciences, and Ca Carlsbad. 2011. “BioEdit: An Important Software for
Molecular Biology.” GERF Bulletin of Biosciences 2(1):60-61. doi: 10.1017/
S0317167100012865.

Van Der Heijden, Marcel G. A., Richard D. Bardgett, and Nico M. Van Straalen. 2008.
“The Unseen Majority: Soil Microbes as Drivers of Plant Diversity and Productivity
in Terrestrial Ecosystems.” Ecology Letters 11(3):296-310. doi: 10.1111/j.1461-
0248.2007.01139.x.

Hoagland, D. R., and D. I. Arnon. 1950. “The Water-Culture Method for Growing Plants
without Soil.” Circular. California Agricultural Experiment Station 347(2):1-32.

Intorne, Aline C., Marcos Vinicius V. De Oliveira, Mariana L. Lima, Juliana F. Da Silva,
Fabio L. Olivares, and Gongalo Apolinario De Souza Filho. 2009. “Identification
and Characterization of Gluconacetobacter diazotrophicus Mutants Defective in
the Solubilization of Phosphorus and Zinc.” Archives of Microbiology 191(5):477—
83. doi: 10.1007/s00203-009-0472-0.

Ishizawa, Hidehiro, Masashi Kuroda, Kanako Inoue, Daisuke Inoue, Masaaki
Morikawa, and Michihiko Ike. 2019. “Colonization and Competition Dynamics of
Plant Growth-Promoting/Inhibiting Bacteria in the Phytosphere of the Duckweed
Lemna minor.” Microbial Ecology 77(2):440-50. doi: 10.1007/s00248-018-1306.

Ishizawa, Hidehiro, Masashi Kuroda, Masaaki Morikawa, and Michihiko lke. 2017.
“Evaluation of Environmental Bacterial Communities as a Factor Affecting the
Growth of Duckweed Lemna minor.” Biotechnology for Biofuels 10(1):1-10. doi:
10.1186/s13068-017-0746-8.

Jackson, Emily E., Nagash Masood, Khaled Ibrahim, Noémie Urvoy, Sumyya Hariri,
and Stephen J. Forsythe. 2015. “Description of Siccibacter Colletis Sp. Nov., a
Novel Species Isolated from Plant Material, and Emended Description of Sic-
cibacter Turicensis.” International Journal of Systematic and Evolutionary Micro-
biology 65:1335—41. doi: 10.1099/ijs.0.000108.

Johnston-Monje, David, and Manish N. Raizada. 2011. “Conservation and Diversity of
Seed Associated Endophytes in Zea across Boundaries of Evolution, Ethnogra-

54



phy and Ecology.” PLoS ONE 6(6). doi: 10.1371/journal.pone.0020396.

Jones, Kathryn M., Hajime Kobayashi, Bryan W. Davies, Michiko E. Taga, and Graham
C. Walker. 2007. “How Rhizobial Symbionts Invade Plants: The Sinorhizobium—
Medicago Model.” Nature Reviews Microbiology 5(8):619-33. doi: 10.1038/nrmi-
cro1705.

Katoh, Kazutaka, John Rozewicki, and Kazunori D. Yamada. 2018. “MAFFT Online Ser-
vice: Multiple Sequence Alignment, Interactive Sequence Choice and Visualiza-
tion.” Briefings in Bioinformatics 20(4):1160—66. doi: 10.1093/bib/bbx108.

Khanghahi, Mohammad Yaghoubi, Patrizia Ricciuti, Ignazio Allegretta, Roberto
Terzano, and Carmine Crecchio. 2018. “Solubilization of Insoluble Zinc Com-
pounds by Zinc Solubilizing Bacteria (ZSB) and Optimization of Their Growth
Conditions.” Environmental Science and Pollution Research 25(26):25862—-68.
doi: 10.1007/s11356-018-2638-2.

Kumar, Sudhir, Glen Stecher, Michael Li, Christina Knyaz, and Koichiro Tamura. 2018.
‘“MEGA X: Molecular Evolutionary Genetics Analysis across Computing Plat-
forms.” Molecular Biology and Evolution 35(6):1547—-49. doi: 10.1093/molbev/
msy096.

Leal-Alvarado, D. A., H. Estrella-Maldonado, L. Saenz-Carbonell, J. H. Ramirez-Prado,
Omar Zapata-Pérez, and J. M. Santamaria. 2018. “Genes Coding for Trans-
porters Showed a Rapid and Sharp Increase in Their Expression in Response to
Lead, in the Aquatic Fern (Salvinia minima baker).” Ecotoxicology and Environ-
mental Safety 147(November):1056—64. doi: 10.1016/j.ecoenv.2017.09.046.

Lee, Jin Hyung, Yong Guy Kim, Kwang Hyun Baek, Moo Hwan Cho, and Jintae Lee.
2015. “The Multifaceted Roles of the Interspecies Signalling Molecule Indole in
Agrobacterium Tumefaciens.” Environmental Microbiology 17(4):1234—44. doi:
10.1111/1462-2920.12560.

Lin, Li, Zhengyi Li, Chunjin Hu, Xincheng Zhang, Siping Chang, Litao Yang, Yangrui Li,
and Qianli An. 2012. “Plant Growth-Promoting Nitrogen-Fixing Enterobacteria Are
in Association with Sugarcane Plants Growing in Guangxi, China.” Microbes and
Environments 27(4):391-98. doi: 10.1264/jsme2.ME11275.

Lopes, Ralf, Louise Cerdeira, Grace S. Tavares, Jeronimo C. Ruiz, Jochen Blom, Elvira
C. A. Horacio, Hilario C. Mantovani, and Marisa Vieira de Queiroz. 2017.
“‘Genome Analysis Reveals Insights of the Endophytic Bacillus Toyonensis
BAC3151 as a Potentially Novel Agent for Biocontrol of Plant Pathogens.” World
Journal of Microbiology and Biotechnology 33(10):1-15. doi: 10.1007/s11274-
017-2347.

Ma, Li, Hao Yu Zhang, Xing Kui Zhou, Cheng Gang Yang, Shuai Chao Zheng, Jin Ling
Duo, and Ming He Mo. 2018. “Biological Control Tobacco Bacterial Wilt and Black
Shank and Root Colonization by Bio-Organic Fertilizer Containing Bacterium
Pseudomonas aeruginosa NXHG29.” Applied Soil Ecology 129(2):136—44. doi:
10.1016/j.aps0il.2018.05.011.

Machado, S. A., A. V. Oliveira, T. M. C. Fabrin, S. M. A. P. Prioli, and A. J. Prioli. 2016.
“Molecular Characterization of the Species Salvinia (Salviniaceae) from the Up-
per Parana River Floodplain.” Genetics and Molecular Research 15(3). doi:

55



10.4238/gmr.15038575.

Makino, Ayaka, Ryosuke Nakai, Yasuko Yoneda, Tadashi Toyama, Yasuhiro Tanaka,
Xian Ying Meng, Kazuhiro Mori, Michihiko |ke, Masaaki Morikawa, Yoichi Kama-
gata, and Hideyuki Tamaki. 2022. “Isolation of Aquatic Plant Growth-Promoting
Bacteria for the Floating Plant Duckweed (Lemna minor).” Microorganisms 10(8).
doi: 10.3390/microorganisms10081564.

Naz, Irum, and Asghari Bano. 2012. “Assessment of Phytohormones Producing Capac-
ity of Stenotrophomonas maltophilia SSA and Its Interaction with Zea Mays L.”
Pakistan Journal of Botany 44(1):465—69.

Ndeddy Aka, Robinson Junior, and Olubukola Oluranti Babalola. 2016. “Effect of Bacte-
rial Inoculation of Strains of Pseudomonas aeruginosa, Alcaligenes feacalis and
Bacillus subtilis on Germination, Growth and Heavy Metal (Cd, Cr, and Ni) Uptake
of Brassica Juncea.” International Journal of Phytoremediation 18(2):200—209.
doi: 10.1080/15226514.2015.1073671.

Ogbo, Frank, and Julius Okonkwo. 2012. “Some Characteristics of a Plant Growth Pro-
moting &lt;1&gt;Enterobacter&lt;/I&gt; Sp. Isolated from the Roots of Maize.” Ad-
vances in Microbiology 02(03):368-74. doi: 10.4236/aim.2012.23046.

Ortega-Acosta, Orlando, Aida Verdnica Rodriguez-Tovar, Eugenia Lépez-Lopez, and
Angélica Rodriguez-Dorantes. 2015. “Characterization of Indole Acetic Acid En-
dophyte Producers in Authoctonus Lemna gibba Plants from Xochimilco Lake.”
African Journal of Biotechnology 14(7):604—11. doi: 10.5897/ajb2014.14309.

Palacio, Soraya Moreno, Daniele Alves Nogueira, Fernando Rodolfo Espinoza-Quifio-
nes, Elvio Anténio de Campos, and Marcia Teresinha Veit. 2020. “Silver Nanopar-
ticles Bioaccumulation by Aquatic Macrophyte Salvinia auriculata.” Water, Air,
and Soil Pollution 231(2). doi: 10.1007/s11270-020-4435-z.

Panfili, lvan, Maria Luce Bartucca, Eleonora Ballerini, and Daniele Del Buono. 2017.
“Combination of Aquatic Species and Safeners Improves the Remediation of
Copper Polluted Water.” Science of the Total Environment 601-602:1263-70.
doi: 10.1016/j.scitotenv.2017.06.003.

Perin, Liamara. 2007. “Estudo Da Comunidade de Bactérias Diazotréficas Do Género
Burkholderia Em Associagdo Com Cana-de-Acgucar e Descrigdo de Burkholderia
Silvatlantica.”

Pott, V. J., A. Pott, L. C. P. Lima, S. N. Moreira, and A. K. M. Oliveira. 2011. “Aquatic
Macrophyte Diversity of the Pantanal Wetland and Upper Basin.” Brazilian Jour-
nal of Biology 71(1 SUPPL.):255-63. doi: 10.1590/s1519-69842011000200004.

Rodrigues Neto, J., V. A. Malavolta Jr, and O. Victor. 1986. “Meio Simples Para o Isola-
mento e Cultivo de Xanthomonas campestris Pv. Citri Tipo B.” Summa Phytopa-
thologica 12(16).

Rodriguez, Hilda, and Reynaldo Fraga. 1999. “Phosphate Solubilizing Bacteria and
Their Role in Plant Growth Promotion.” Biotechnology Advances 17(4-5):319-39.
doi: 10.1016/S0734-9750(99)00014-2.

Rojas-Solis, Daniel, Elizabeth Zetter-Salmén, Miguel Contreras-Pérez, Ma del Carmen
Rocha-Granados, Lourdes Macias-Rodriguez, and Gustavo Santoyo. 2018.

56



“Pseudomonas stutzeri E25 and Stenotrophomonas maltophilia CR71 Endo-
phytes Produce Antifungal Volatile Organic Compounds and Exhibit Additive
Plant Growth-Promoting Effects.” Biocatalysis and Agricultural Biotechnology
13(December):46-52. doi: 10.1016/j.bcab.2017.11.007.

Saha, C., G. Mukherjee, P. Agarwal-Banka, and A. Seal. 2016. “A Consortium of Non-
Rhizobial Endophytic Microbes from Typha angustifolia Functions as Probiotic in
Rice and Improves Nitrogen Metabolism.” Plant Biology 18(6):938—46. doi:
10.1111/plb.12485.

Sajjad Mirza, M., Waseem Ahmad, Farooq Latif, Jacqueline Haurat, Rene Bally,
Philippe Normand, and Kauser A. Malik. 2001. “Isolation, Partial Characterization,
and the Effect of Plant Growth-Promoting Bacteria (PGPB) on Micro-Propagated
Sugarcane in Vitro.” Plant and Soil 237(1):47-54. doi: 10.1023/
A:1013388619231.

Sarwar, Muhammad, and Robert J. Kremer. 1995. “Enhanced Suppression of Plant
Growth through Production of L-Tryptophan-Derived Compounds by Deleterious
Rhizobacteria.” Plant and Soil 172(2):261-69. doi: 10.1007/BF00011328.

Shahid, Muhammad, Sohail Hameed, Asma Imran, Saira Ali, and Jan Dirk van Elsas.
2012. “Root Colonization and Growth Promotion of Sunflower (Helianthus An-
nuus L.) by Phosphate Solubilizing Enterobacter sp. Fs-11.” World Journal of Mi-
crobiology and Biotechnology 28(8):2749-58. doi: 10.1007/s11274-012-1086-2.

Shehzadi, M., K. Fatima, A. Imran, M. S. Mirza, Q. M. Khan, and M. Afzal. 2016. “Ecol-
ogy of Bacterial Endophytes Associated with Wetland Plants Growing in Textile
Effluent for Pollutant-Degradation and Plant Growth-Promotion Potentials.” Plant
Biosystems 150(6):1261-70. doi: 10.1080/11263504.2015.1022238.

Srivastava, Jatin K., Harish Chandra, Swinder J. S. Kalra, Pratibha Mishra, Hena Khan,
and Poonam Yadav. 2017. “Plant—Microbe Interaction in Aquatic System and
Their Role in the Management of Water Quality: A Review.” Applied Water Sci-
ence 7(3):1079-90. doi: 10.1007/s13201-016-0415-2.

Suzuki, Wakako, Masayuki Sugawara, Kyoko Miwa, and Masaaki Morikawa. 2014.
“Plant Growth-Promoting Bacterium Acinetobacter calcoaceticus P23 Increases
the Chlorophyll Content of the Monocot Lemna minor (Duckweed) and the Dicot
Lactuca Sativa (Lettuce).” Journal of Bioscience and Bioengineering 118(1):41—
44. doi: 10.1016/j.jbiosc.2013.12.007.

Uzair, Bushra, Rehana Kausar, Syeda Asma Bano, Sammer Fatima, Malik Badshah,
Ume Habiba, and Fehmida Fasim. 2018. “Isolation and Molecular Characteriza-
tion of a Model Antagonistic Pseudomonas aeruginosa Divulging in Vitro Plant
Growth Promoting Characteristics.” BioMed Research International 2018. doi:
10.1155/2018/6147380.

Vazquez, P., G. Holguin, M. E. Puente, A. Lopez-Cortes, and Y. Bashan. 2000. “Phos-
phate-Solubilizing Microorganisms Associated with the Rhizosphere of Man-
groves in a Semiarid Coastal Lagoon.” Biology and Fertility of Soils 30(5-6):460—
68. doi: 10.1007/s003740050024.

Verma, Subhash C., Jagdish K. Ladha, and Anil K. Tripathi. 2001. “Evaluation of Plant
Growth Promoting and Colonization Ability of Endophytic Diazotrophs from Deep

57



Water Rice.” Journal of Biotechnology 91:127—41. doi: 10.2495/ICCT131512.

Vimal, Shobhit Raj, Vikas Kumar Patel, and Jay Shankar Singh. 2019. “Plant Growth
Promoting Curtobacterium albidum Strain SRV4: An Agriculturally Important Mi-
crobe to Alleviate Salinity Stress in Paddy Plants.” Ecological Indicators 105(July
2019):553-62. doi: 10.1016/j.ecolind.2018.05.014.

Weisburg, W. G., S. M. Barns, D. A. Pelletier, and D. J. Lane. 1991. “16S Ribosomal
DNA Amplification for Phylogenetic Study.” Journal of Bacteriology 173(2):697—
703. doi: 10.1128/jb.173.2.697-703.1991.

Wellburn, Alan R. 1994. “The Spectral Determination of Chlorophylls a and b, as Well as
Total Carotenoids, Using Various Solvents with Spectrophotometers of Different
Resolution.” Journal of Plant Physiology 144(3):307-13. doi: 10.1016/S0176-
1617(11) 81192-2.

Wolff, G., GC Pereira, EM Castro, J. Louzada, and FF Coelho. 2012. “The Use of
Salvinia auriculata as a Bioindicator in Aquatic Ecosystems: Biomass and Struc-

ture Dependent on the Cadmium Concentration.” Brazilian Journal of Biology
72(1):71-77. doi: 10.1590/s1519-69842012000100009.

Young, J. M., L. D. Kuykendall, E. Martinez-Romero, A. Kerr, and H. Sawada. 2001. “A
Revision of Rhizobium Frank 1889, with an Emended Description of the Genus,
and the Inclusion of All Species of Agrobacterium conn 1942 and Allorhizobium
undicola de Lajudie et al. 1998 as New Combinations: Rhizobium radiobacter, R.
Rhizogenes, R. Rubi, R. Undicola and R. Vitis.” International Journal of System-
atic and Evolutionary Microbiology 51(1):89—103. doi: 10.1099/00207713-51-1-
89.

Zhao, Feng, Ping Li, Chao Guo, Rong Jiu Shi, and Ying Zhang. 2018. “Bioaugmentation
of Oil Reservoir Indigenous Pseudomonas aeruginosa to Enhance Oil Recovery
through In-Situ Biosurfactant Production without Air Injection.” Bioresource Tech-
nology 251(2013):295-302. doi: 10.1016/j.biortech.2017.12.057.

Zhao, Longfei, Yajun Xu, Xin He Lai, Changjuan Shan, Zhenshan Deng, and Yuliang Ji.
2015. “Screening and Characterization of Endophytic Bacillus and Paenibacillus
Strains from Medicinal Plant Lonicera Japonica for Use as Potential Plant Growth
Promoters.” Brazilian Journal of Microbiology 46(4):977—-89. doi: 10.1590/S1517-
838246420140024.

58



6 Capitulo 3 A bactéria do género Enterobacter sp. protege Salvi-
nia auriculata Aublet. do estresse causado pelo cobre

6.1 Resumo

A poluigdo por metais na agua € uma das principais preocupagdes, causando
diferentes problemas ambientais. O acumulo excessivo desses metais na agua,
diminui o crescimento e o rendimento das plantas além de entrar na cadeia trofi-
ca. Atolerancia das plantas ao estresse por metais pesados pode ser melhorada
pela presenca de bactérias promotoras do crescimento vegetal, que permite o
crescimento dessas plantas com acumulo minimo ou nenhum acumulo de me-
tais. Neste estudo, investigamos a remogao de cobre pela cepa Enterobacter sp,
uma bactéria tolerante a cobre, recentemente isolada da planta aquatica Salvinia
auriculata Aublet. Essa bactéria mostrou tolerancia a cobre na concentracéo de
158 mgL™". Foi visto que a cepa sobreviveu em um ambiente estressante. A cepa
removeu maiores quantidades de cobre no tempo de 4 horas quando comparada
com tempo de 8 horas. Além disso, quando Enterobacter sp foi inoculada na
planta aquatica Salvinia, foi capaz de proteger a planta do estresse causado pelo
cobre e a remogao de cobre foi maior na condigdo inoculada quando comparada
com a condi¢cdo apenas com a adigdo do cobre. Em conclusdo, essas analises
fornecem uma compreensao mais abrangente da associacao de Enterobacter sp
com a planta S. auriculata sob estresse causado por cobre.

Palavras-Chave: ambiente aquatico, contaminacgao, biorremediacéo, interacao
planta - bactéria

59



6.2 Abstract

Metal pollution in water is a major concern, causing different environmental prob-
lems.The excessive accumulation of these metals in water reduces plant growth
and yield, in addition to entering the trophic chain. Plant tolerance to heavy metal
stress can be improved by the presence of plant growth-promoting bacteria,
which allows these plants to grow with minimal or no accumulation of metals. In
this study, we investigated copper removal by the Enterobacter sp strain, a cop-
per tolerant bacterium recently isolated from the aquatic plant Salvinia auriculata
Aublet. This bacterium showed tolerance to copper at a concentration of 158 mg
L. The strain was seen to survive in a stressful environment. The strain removed
greater amounts of copper in 4 hours compared to 8 hours. Furthermore, when
Enterobacter sp was inoculated into the aquatic plant Salvinia, it was able to pro-
tect the plant from stress caused by copper and copper removal was greater in
the inoculated condition when compared to the condition with only the addition of
copper. In conclusion, these analyzes provide a more comprehensive under-
standing of the association of Enterobacter sp with the S. auriculata plant under
copper stress.

Keywords: aquatic environment, contamination, bioremediation, plant-mi-
crobe interaction
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6.3 Introducgao

A agua doce € um recurso essencial para o desenvolvimento e sobrevi-
véncia dos organismos vivos (MORAES et al., 2002). A agua encontrada na natu-
reza contém varios tipos de impurezas que, devido a agao antrépica, causam a
poluicdo do ambiente aquatico, gerando diversos danos ao ambiente e a saude
humana (SONONE et al., 2020). Um dos principais poluentes que afetam o ambi-
ente aquatico sdo os metais toxicos, esses elementos nao sdo biodegradaveis e
se acumulam ao longo da cadeia tréfica (ALl et al., 2019). Entre esses metais,
destaca-se o cobre que inicialmente possui importancia biolégica, atua como mi-
cronutriente essencial, porém em altas concentracdes torna - se toxico para os
seres vivos (REHMAN et al., 2019; ALTARELLI, et al., 2019; WEI et al., 2015;
ZATTA et al., 2007).

Atoxicidade do cobre esta relacionada com suas caracteristicas quimicas,
e com as agdes antropicas, que incluem atividades de mineragao, aplicagéo de
pesticidas, fungicidas e algicidas intensificam a toxicidade. Esses residuos libe-
rados no ambiente sao lixiviados para o ambiente aquaticos que, por apresenta-
rem um formato de depresséo, sao os locais para onde esses elementos sao
destinados. (HUANG et al., 2023; PSCHEIDT et al., 2022; IZYDORCZYK et al.,
2021; OLIVEIRA et al., 2004).

A complexidade desse problema exige a implementagao de sistemas efi-
cazes e ecologicamente sustentaveis para reduzir a contaminagao causada pelo
cobre (GHAZARYAN et al., 2019; KARAMI et al., 2011). A utilizacdo de espécies
de plantas aquaticas como Salvinia torna-se uma estratégia promissora, uma
vez, que possuem crescimento rapido e tém a capacidade de acumular metais
em seus tecidos. (DONATUS et al., 2016; DHI et al., 2011; ESTEVES., 2011;
ABBASI.,1986). Algumas espécies do género Salvinia tém sido testadas para
diferentes tipos de metais que incluem: cobre, cadmio, chumbo e mercurio
(SITARSKA et al., 2023, PANFILI et al., 2017; DHIR et al., 2011; PHETSOMBAT
et al., 2006).

Associadas com as macrofitas sdo encontradas bactérias promotoras do
crescimento vegetal, que atuam através de mecanismos diretos e indiretos, pro-
movendo o desenvolvimento das plantas (BORAH et al., 2023; ETESAMI et al.,
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2023). Os mecanismos diretos ocorrem quando as bactérias estimulam o seu
crescimento, através da obtencido de nutrientes e os mecanismos indiretos as
bactérias protegem as plantas dos efeitos abidticos como os metais toxicos
(GLICK et al., 2012). Estudos identificaram bactérias promotoras associadas
com plantas aquaticas ISHIZAWA et al., 2017; SAHA et al.; 2016; ISHIZAWA et
al., 2019; PRIYA et al., 2022; JHA et al., 2007; UNDERWOOD et al., 1991). Algu-
mas espécies de bactérias apresentam, mecanismos de resisténcia aos metais,
incluindo sistemas de efluxo, transformacao de compostos toxicos em forma me-
nos danosas e a imobilizacdo ou mobilizacdo de metais reduzindo danos que os
metais podem causar (SOLIOZ et al., 2018; SOLIOZ et al., 2003; COOKSEY et
al.,1994).

Ainteracao entre plantas aquaticas e bactérias promotoras do crescimen-
to vegetal dentro desse contexto representa uma associagao simbidtica positiva.
Enquanto as plantas obtém beneficios para o seu crescimento e desenvolvimen-
to, as bactérias encontram um ambiente favoravel para sobreviver. Nesse senti-
do, investigamos os efeitos de diferentes concentracbes do cobre na bactéria
Enterobacter sp, descrita como promotora do crescimento vegetal, e na planta
aquatica Salvinia auriculata em meio contendo cobre inoculada com a cepa En-
terobacter sp. Com isso, buscamos compreender os principais fatores que condi-

cionam ou incidem sobre essa interagao.
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6.4 Materiais e Métodos
6.4.1 Meio e condigdes de cultivo

A bactéria Enterobacter sp usada nesse trabalho foi isolada da planta de
S. auriculata (capitulo 2) onde foram identificadas 18 bactérias promotoras do
crescimento vegetal - BPCV. Para o cultivo das bactérias, o preparo de culturas
estoques e indculos foi utilizado o meio Luria-Bertani (LB). Os componentes sao:
Triptona 10 g, NaCl 10 g, Extrato de Levedura 5 g, para o meio solido e 15 g de
agar (meio sélido), valores para 1 litro (MACWILLIAMS e LIAO 2006). Uma modi-
ficagao foi realizada ao ser adicionado 10 g/L™" de glicose. A solugédo de glicose
foi preparada separadamente do meio de cultivo e adicionada ao meio de cultivo
quando esse foi usado. Todos os componentes foram pesados, dissolvidos em
agua destilada e, ap6s homogeneizagao, o pH foi ajustado com NaOH, para 7,0
e acondicionado em frasco de vidro. Depois do preparo, o meio foi esterilizado

em autoclave vertical a 121 °C e 1 atm por 15 min.
6.4.2 Preparo do inéculo bacteriano e da solugao estoque de Cobre

Enterobacter sp. foi cultivada em meio LB liquido, nas seguintes condi-
¢bes: uma alcada da bactéria cultivada em meio sélido foi adicionada a um tubo
de 50 mL contendo 10 mL de meio LB liquido sob agitagado de 120 rpm, a 30 °C,
por 24 h. Posteriormente foram realizadas estrias em uma placa de petri conten-
do meio LB sdlido, as placas foram incubadas em estufa microbiolégica a 30° C
por 24 h. Frascos Erlenmeyer de 250 mL contendo 50 mL do meio LB foram ino-
culados com uma algada da bactéria, cobertos com manta feita de algodao e
gaze e incubados a 30 °C, com 120 rpm, em agitador pendular até atingir a fase
exponencial do crescimento. Apds realizar esse procedimento, foi realizada a

curva do inéculo para conhecer o seu perfil de crescimento.

A concentragao da solugao estoque (1M), foi preparada com CuCl, 2H,O
em agua ultrapura. A solugao foi esterilizada por filtragdo com membrana filtro
0,22 ym e armazenada. A partir dessa solugcao foram preparados os meios de

cultura suplementados com o metal.

63



6.4.3 Curva de crescimento da bactéria

Nesse experimento foi avaliado o crescimento celular da bactéria na au-
séncia e presenca de diferentes concentracdes de CuCl.. A avaliagao foi realiza-

da em fungao do tempo de cultivo sob agitagcdo (BARANYI e PIN., 1999).

Para tanto, o cultivo foi feito em triplicata em frascos Erlenmeyer de 500
mL contendo 95 mL de meio LB com glicose e suplementado com concentragdes
crescentes de CuCl, (63 e 158 mg L") e o controle (sem adi¢édo do metal), foram
adicionados 5 mL do in6culo crescido até atingir D.O = 4,0. Os frascos foram co-
bertos com manta feita de algodao e gaze e incubados em agitador pendular a 30
°C com 120 rpm. Durante todo o processo, os valores de D.O foram medidos em
espectrofotdbmetro no comprimento de onda de 600 nm, com intervalos de tempo
regulares 2 em 2 horas, até atingir a fase estacionaria. Amostras do meio fermen-
tado foram coletadas e armazenadas para analise de determinagédo de cobre.
Todos os ensaios de cultivo foram realizados em triplicata como experimentos

independentes.
6.4.4 Cultivo da planta

Plantas de S. auriculata foram obtidas da Lagoa do Jacu, na cidade de
Campos dos Goytacazes, Rio de Janeiro, Brasil em 2012. Desde entéo, as plan-
tas s&o cultivadas em casa de vegetagao em solugdo de Hoagland pH 6,0 £ 0,1
(HOAGLAND; ARNON, 1950). Para os ensaios, as plantas foram aclimatadas
por 7 dias em solugao nutritiva, selecionando-se individuos saudaveis para a ex-
perimentagao (BIZZO et al., 2014).

6.4.5 Inoculagao da bactéria na planta

Para o ensaio, 1 g da planta S. auriculata foi transferido para potes conten-
do 500 mL de solugédo Hoagland, que foram expostos a 4 tratamentos: T1. Planta
(controle); T2. Planta + Enterobacter sp; T3. Planta + 0,635 mgL™ CuCl, e T4.
Planta + Enterobacter sp + 0,635 mgL™" CuCl,. Foram utilizadas seis réplicas por
tratamento, por um periodo de 8 dias. Os quatro primeiros dias foram para esta-
belecer a interacido da bactéria com a planta, apds esses quatro dias foi realizada

a troca da solucéao nutritiva adicionando-se o CuCl.. Entéo, o ensaio foi mantido
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em casa de vegetagdo por mais quatro dias, totalizando oito dias de experimen-

tagdo. O experimento foi repetido trés vezes.
6.4.6 Desenvolvimento da planta

Encerrado os dias de exposi¢cdo ao metal, as plantas foram recolhidas e
secas em papel toalha por 10 min, em seguida, o material vegetal foi colocado
em estufa a 60 °C por 4 dias para determinagao de biomassa seca (BS) material

foi pesado em uma balancga analitica (BIZZO et al., 2014).
6.4.7 Preparo das amostras para determinagcao do Cobre

Apods os tempos pré-estabelecidos de crescimento da bactéria que foram
4 e 8 horas, nas condig¢des, controle e concentrages de 1 e 2, 5 mmol™ de Cu-
Cl; foi realizado o seguinte procedimento: em tubos de 15 mL Rnase/Dnase free
foi adicionado uma aliquota de 5 mL e o tubo foi centrifugado por 10 minutos a 5.
000 rpm. Apds esse tempo o sobrenadante foi retirado e reservado e foi adiciona-
da agua ultrapura nesse mesmo tubo para realizagdo de uma lavagem das célu-
las, esse procedimento de lavagem foi realizado trés vezes e descartou-se o so-
brenadante. O sobrenadante reservado foi novamente pesado até atingir um
peso final de aproximadamente 0,100 mg L. O tubo devidamente identificado foi
acondicionado a -18 °C. O sobrenadante do cultivo também foi separado nessas
mesmas condicdes para ser analisado. Esse procedimento foi realizado em tripli-

cata para todas as concentragdes e nos diferentes tempos.

As amostras das plantas apds os dias de exposigao ao metal, foram arma-
zenadas nas seguintes condig¢des: tubos 15 ml Rnase/Dnase free foram pesados
e os valores foram anotados. Posteriormente foi adicionado a esse tubo 0,250
mg de planta seca, para encontrar esse valor realizou-se o calculo peso do tubo
vazio antes (PD), peso do tubo com material depois ( PD) (PD -PA). Esse proce-
dimento foi realizado em triplicata. O mesmo procedimento foi realizado para co-
leta das amostras da solugéo que se encontrava as plantas, no entanto, o volume

de solugao usado foi de aproximadamente 0,100 mg L™, realizado em triplicata.
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6.4.8 Analise do Cobre na bactéria e na planta aquatica

As amostras pesadas receberam a adigao de acido nitrico 2,5 mL subdes-
tilado e deixado por um periodo de pelo menos 12 horas para uma etapa de pré
decomposicao. Apds este periodo as amostras foram levadas ao bloco digestor
(SL-25/40, Solab, Brasil), por 4 horas, a uma temperatura de 100°C. Restando 15
minutos para o final da decomposigéo acida, foi adicionado 1 mL de H,0,(30%).
Terminada a decomposicédo das amostras, foram resfriadas a temperatura ambi-
ente e transferidas de forma quantitativa para tubos falcon de 15 mL de capacida-
de e avolumadas para 10 mL com agua ultrapura tipo | (purificada por um sistema
Milli-Q). O equipamento usado para a analise foi ICP OES - ICPE — 9000
SHIMADZU - Espectrémetro de emissao atdmica de plasma indutivamente aco-

plado.
6.4.9 Analise estatistica

Os dados da curva do crescimento foram realizados trés experimentos
independentes realizados em momentos distintos e sdo apresentados como va-
lores de médias + EP provenientes de uma estimativa de 95% de confianga em
1.000 reamostragens (bootstrap). A analise dos dados de remog¢ao do cobre foi

calculada como média * erro-padrao da média.
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6.5 Resultados e Discussao

Foi realizada uma curva de crescimento para obtencao do indculo de En-
terobacter sp. A produgao desta cultura foi utilizada como inéculo nos diferentes
experimentos realizados nesse estudo. Como pode ser observado na (figura 1 a),
a mid log ocorreu em torno 4 horas de cultivo. Este momento da curva, no meio
da fase logaritmica, corresponde ao crescimento 6timo das células. Por isso, foi

adotado como tempo de cultivo do indculo.

Enterobacter sp foi capaz de crescer em meio LB contendo até a concen-
tracdo de 158 mgL™ de cobre demostrando tolerancia sob condigbes de estresse
causado pelo metal (Figura 1b). A curva de crescimento para Enterobacter sp
representa um crescimento continuo em um método polinomial (Figura 1). O iso-
lado tolerante ao cobre exibiu maiores valores de D.O no tratamento com 63 mg
L' de CuCl,, essa concentragdo parece no ter efeito negativo no crescimento
dessa bactéria, enquanto a concentragio de 158 mgL 'revelou uma redugdo no
valor da D.O da bactéria. A concentragdo de 63 mg L"'"de CuCl, apresentou um
perfil de crescimento similar ao controle durante os intervalos de tempo analisa-

dos até o tempo de 10 horas.

== Enterobacter sp. == Controle =e= 63 (mgL") =e= 158 (mglL")

12 12

Densidade éptica (600nm)
Densidade optica (600nm)

0 2 4 6 8 10 0 2 4 6 8 10 12
A Tempo (horas) Tempo (horas)

B

Figure 1 a: Curva de crescimento (inéculo) da bactéria Enterobacter sp. Figura 1b Curva de cres-
cimento nas diferentes concentragdes de CuCl,. Cultivo realizado em meio LB sob agitacao du-
rante 12 h. As barras representam o desvio padrao da média. Esses dados representam trés ex-
perimentos realizados em momentos distintos e sdo apresentados como valores de médias + EP

provenientes de uma estimativa de 95% de confianga em 1.000 reamostragens (bootstrap).
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A capacidade de remocéao do cobre do meio de cultivo nas concentracdes
testadas é apresentada na tabela 1. A eficiéncia da remogao do cobre aumentou
gradativamente com o tempo de incubagdo como observado no tempo de 4 ho-
ras e na concentragdo de 63 mgL™ houve uma remocgéo de 18,27%, conforme
ilustrado na (figura 2 b). Na mesma concentracdo no tempo de 8 horas, a remo-
¢ao foi de 49,41%. Com o aumento da concentragdo de cobre para 158 mgL™"a
eficiéncia de remocao foi de 39,13% para o tempo de 4 horas e de 27,41% e para
o tempo de 8 horas, notou-se que a remog¢ao diminuiu com o0 aumento do tempo
nessa concentragao de cobre. Esse resultado foi consistente com um estudo de
IRAWATI et al. (2021) no qual a eficiéncia de remog¢ao do cobre diminuiu com o
aumento das concentragdes. Estudos com maior tempo de incubagao das bacte-
rias do mesmo género mostraram que em 24 h Enterobacter sp J1 foi capaz de
remover 10 mg de cobre = 127 mg . LU et al. (2006) em uma concentragao proxi-
ma a usada no presente estudo, que foi de 158 mgL™" de Cu com uma remog&o
de 48,073 mg. E provavel que o crescimento Enterobacter sp tenha sido estimu-
lado até certo ponto na presenca de baixas concentragdes de Cu. A toxicidade
para as células bacterianas na superficie celular levaria a uma diminuicdo conti-

nua na taxa de remocé&o da adigao de cobre (Peng et al., 2020).

Tabela 1: Enterobacter sp sob diferentes concentragdes de cobre 63 e 158 mgL™" e dife-

rentes tempos de tratamento (4 e 8 horas).

Situagoes Aplicagoes Tempo

Enterobacter sp (mg L") (h) Valores %
Célula Controle 4 5,56 + 0,66
Célula 63 4 17,17 £ 3,04 18,27
Célula 158 4 67,72 £ 16,67 39,13
Célula Controle 8 4,54 +0,16
Célula 63 8 35,93 £ 17,86 49,41
Célula 158 8 48,07 £ 4,01 27,41
Sobrenadante Controle 4 0,00 £ 0,00
Sobrenadante 63 4 37,65 0,77 59,25
Sobrenadante 158 4 85,40 + 2,31 53,75
Sobrenadante Controle 8 0,00 £ 0,00
Sobrenadante 63 8 37,55+ 0,63 59,10
Sobrenadante 158 8 87,48 + 3,62 55,06

A analise do efeito do cobre nos tratamentos com a planta aquatica Salvi-
nia auricualata e a inoculacao da bactéria Enterobacter sp pode ser observada

na tabela 2. A analise foi realizada calculando-se a variagao percentual das mé-
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dias. Primeiro foi comparado controle com inoculado que apresentou um incre-
mento de 30,36% de cobre do inoculado (Salvinia auriculata + Enterobacter sp).
O grupo inoculado + cobre apresentou um incremento médio de 64,84% em rela-
¢ao ao grupo de tratamento que continha apenas cobre. No que se refere aos
grupos inoculado e cobre eles ndo foram comparados com as condigdes descri-

tas anteriormente, mas podem ser comparados entre si.

Por outro lado, observa-se na solu¢gao de Hoagland que o tratamento ino-
culado comparado com o controle apresentou uma redugdo media de -42,15%
de cobre (Tabela 2). Por fim, o grupo de inoculado com cobre apresentou uma
variagdo negativa da média que foi de -10,16%. Com isso, é possivel constatar
que nos tratamentos que envolveram a inoculagao da bactéria na planta foi obti-

do reducgdes relevantes de cobre.

Tabela 2: Salvinia auriculata sob diferentes condi¢gdes de tratamento: Controle, Trata-
mento Enterobacter sp (Inoculado) Tratamento com 0,63 mgl™ de CuCl,. 2 H,O (Cobre) Trata-
mento contendo (Enterocater sp + 0,63 mgl” CuCl.,. 2 H,O) (Inoculado + Cobre). Ensaio realizado

durante 8 dias em casa de vegetagéao.

Situagoes (o,éprl"‘;‘f %eusCIz) Valores %
Salvinia auriculata Aubl. Controle 7,47 +1,62
Salvinia auriculata Aubl. Inoculado 9,73 £ 1,51 30,36
Salvinia auriculata Aubl. Cobre 170,67 + 14,9
Salvinia auriculata Aubl. Inoculado + Cobre 281,33 +6,7 64,84
Solugao (Hoagland) Controle 2,97 £1,02
Solugao (Hoagland) Inoculado 1,72+ 0,14 -42,15
Solugao (Hoagland) Cobre 1,71 £ 0,31
Solugéo (Hoagland) Inoculado + Cobre 1,53 £0,09 -10,16

Plantas ndao expostas ao cobre apresentaram valores muito baixos de Cu
em sua biomassa durante o tempo de experimentacéo. A concentracao de cobre
na biomassa da planta aquatica Salvinia auriculata cultivada na concentragéo de
0,635 mgL™" CuCl,com a adigdo de Enterobacter sp foi maior do que a concentra-
¢ao de cobre na biomassa das plantas na situagéo contendo apenas o cobre (Ta-
bela 2). Como foi demonstrado em estudos relacionados (CARRILLO-NIQUETE
etal., 2022) e observado aqui, a biomassa de S. auriculata pode acumular metais
como Cu da solucio por meio de uma combinacdo de mecanismos de adsor¢ao

e absorcio.
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As plantas absorvem metais toxicos geralmente por meio de suas raizes A
captacao do metal ocorre por duas vias: em um estagio rapido de modo extrace-
lular seguido por um estagio lento intracelular lento. No estagio rapido, os metais
toxicos sao absorvidos por adsorgao, bem como por processos de troca ibnica. O
estagio mais lento envolve a absorgao intracelular e o transporte de metais para
as dentro das células (RASKIN et al., 1994).

Em um estudo realizado por ZAYED et al. (1998) foi visto que, a planta
aquatica Lemna minor foi usada para o tratamento de agua contaminada com
cobre em diferentes concentragées (0,1, 0,2, 0,5, 1,0, 2,0,5,0e 10 mg L") 0 me-
tal fornecido foi sulfato de cobre por 8 dias. As concentracdes de cobre nas plan-
tas foram de aproximadamente 100, 150, 250, 500, 375, 1000 e 3400 mg. Os va-
lores encontrados para a concentragdo de 0,5 mg L™ de cobre e a concentragdo
encontrada na planta € préxima da concentragao do presente estudo, que em
aproximadamente 0,6 mg L™ foi verificado uma concentragéo de 170,67 mg L' de

cobre na planta.

As concentracdes usadas nesse estudo foram aplicadas baseadas em
(BIZZO et al., 2014) e sao maiores do que as concentragdes estabelecidas con-
forme legislagao brasileira pelo Conselho Nacional do Meio Ambiente, (CONAMA
n° 357) que estabelece que nido se deva exceder o limite de 0,009 mg L' de co-
bre dissolvido na agua doce de Classe 1, que seja destinada: a) ao abastecimen-
to para consumo humano apds tratamento simplificado; b) a protecdo das comu-
nidades aquaticas; c) a recreagao de contato primario; d) a irrigagéo de hortali-
¢as; e) e a protecdo das comunidades aquaticas em Terras Indigenas. Nesse
estudo todas as concentragcbes usadas estdao acima do valor maximo permitido

de cobre para simular um ambiente contaminado por cobre.

As plantas aquaticas do género salvinia tem sido reconhecidas como um
grupo promissor de plantas hiperacumuladoras de metais (DHIR 2013). Varias
proteinas de transporte possibilitam o movimento do cobre através da membrana
celular: como as ATPases do tipo P (ATPases 7A e 7B) e os transportadores de
cobre (COPT1) (KUMAR et al., 2021; COLANGELO e GUERINOT 2006). Seria
interessante realizar estudos futuros para determinar se transportadores equiva-

lentes podem estar envolvidos na hiper acumulacido de cobre em S. auriculata.
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Informacgdes especificas sobre os possiveis efeitos estimuladores do cres-
cimento, absor¢do, remog¢ao de cobre pela interagdo de bactéria e plantas
aquaticas nao estdo prontamente disponiveis. Esse estudo forneceu evidéncias
de que a Enterobacter sp estimulou o crescimento de Salvinia auriculata na con-

dicdo contendo cobre.

6.6 Conclusao

A capacidade de remocgao do cobre pela bactéria é reduzida com o tempo.
A bactéria mostrou tolerancia ao cobre na concentragédo de 158 mgL™". Foi visto
que a cepa sobreviveu em um ambiente estressante. A cepa removeu maiores
quantidades de cobre no tempo de 8 horas. Quando Enterobacter sp foi inocula-
da na planta aquatica S. auriculata, protegeu a planta do estresse causado pelo
cobre. Aremocgao de cobre foi maior quando comparada com a condigao conten-

do apenas cobre.
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7 Capitulo 4 Mitigagao do estresse salino por bactérias promo-
toras do crescimento vegetal isoladas da serapilheira da restinga

71 Resumo

Neste estudo, o objetivo foi isolar bactérias promotoras do crescimento vegetal
(BPCV) tolerantes a salinidade da serapilheira da espécie vegetal Clusia hilaria-
na, encontrada em restingas. A salinidade é um fator limitante para o crescimento
das plantas, e as BPCV podem ajudar a aliviar esse estresse. A coleta do materi-
al foi realizada na restinga do Parque Estadual Paulo Cesar Vinha, no Espirito
Santo. As amostras foram isoladas em meio LB suplementado com NaCl e avali-
adas quanto a producéo de inddis, solubilizagéo de fosfato e degradacgao de celu-
lose. Entre as dez bactérias avaliadas, trés produziram indois, seis solubilizaram
fosfato e uma apresentou halo alaranjado para degradagao de celulose. O isola-
do S3103, que apresentou mais caracteristicas de promog¢ao do crescimento, foi
selecionado para os experimentos seguintes. Em seguida, o isolado S3103 foi
inoculado na planta aquatica Salvinia auriculata em diferentes tratamentos: plan-
ta (controle), planta + bactéria, planta + bactéria + 100 mmol™ NaCl e planta +
100 mmol™ NaCl. Apos oito dias, foram avaliados pardmetros como biomassa
fresca, biomassa seca, teor de prolina. Os resultados mostraram que os trata-
mentos com a bactéria (T2 e T3) tiveram aumento significativo na biomassa fres-
ca e biomassa seca em comparagao com o controle (T1) e o tratamento com sali-
nidade (T4). Além disso, houve uma redugéo significativa nos teores de prolina
nos tratamentos com a bactéria em comparagao com os tratamentos sem bacté-
ria. Conclui-se que foi encontrada uma BPCV de restinga tolerante a salinidade e
que a aplicagéo do inoculante em S. auriculata representa uma estratégia inte-
ressante para mitigar os efeitos da salinidade em plantas.

Palavras- Chave: Microrganismo, ecossistema costeiro, ambiente aquati-
co, planta aquatica, salinidade
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7.2 Abstract

In this study, the objective was to isolate plant growth-promoting bacteria (PGPB)
tolerant to salinity from the litter of the plant species Clusia hilariana, found in
coastal sand dunes (sandy coast). Salinity is a limiting factor for plant growth, and
PGPB can help alleviate this stress. The material collection was carried out in the
coastal sand dunes of the Paulo Cesar Vinha State Park in Espirito Santo, Brazil.
The samples were isolated in LB medium supplemented with NaCl and evaluated
for indole production, phosphate solubilization, and cellulose degradation. Among
the ten evaluated bacteria, three produced indoles, six solubilized phosphate,
and one showed an orange halo for cellulose degradation. Isolate S3103, which
exhibited more growth-promoting characteristics, was selected for further experi-
ments. Next, isolate S3103 was inoculated into the aquatic plant Salvinia auricu-
lata in different treatments: plant (control), plant + bacteria, plant + bacteria + 100
mmol-1 NaCl, and plant + 100 mmol-1 NaCl. After eight days, parameters such as
fresh biomass, dry biomass, and proline content were evaluated. The results
showed that treatments with the bacterium (T2 and T3) had a significant increase
in fresh and dry biomass compared to the control (T1) and the salinity treatment
(T4). Additionally, there was a significant reduction in proline levels in treatments
with the bacterium compared to treatments without the bacterium. In conclusion,
a salinity-tolerant PGPB from the coastal sand dunes was found, and the applica-
tion of this inoculant in S. auriculata represents an interesting strategy to mitigate
the effects of salinity on plants.

Keywords: Microorganism, coastal ecosystem, aquatic environment,
aquatic plant, salinity

77



7.3 Introdugao

A salinizagdo € um grave problema ambiental que restringe o funciona-
mento do ecossistema aquatico (CANEDO-ARGUELLES et al., 2013). E um dos
fatores que afetam negativamente os ambientes dulcicolas e os organismos que
habitam esses locais, causando estresse, dificultando a absor¢gédo de agua e le-
vando a toxicidade por meio do acumulo de altas concentragdes de sais (DOBRY,
et al., 2021; SAFDAR et al., 2019; HART et al., 2003).

No ambiente aquatico sdo encontradas plantas que melhoram a qualidade
da agua e fornecem habitat e alimentos para os organismos (JEPPESEN et al.,
2012; LIU et al., 2020). Essas plantas tém sido estudadas para a tolerancia a de-
terminadas concentragdes de sais na agua (ARAMBURO-MIRANDA et al., 2017;
AKHTAR, et al., 2017; MUFARREGE et al., 2011; UPADHYAY et al., 2005).

Salvinia auriculata € uma planta aquatica flutuante, que aumenta sua bio-
massa em um curto periodo de tempo, em torno de trés a quatro dias. Desta for-
ma, € usada como uma planta modelo neste estudo. Alguns trabalhos anteriores
estudaram o género Salvinia sob condi¢c&o salina (GOMES et al., 2017; OWENS
et al., 2014; GOMES, et al 2011; JAMPEETONG et al., 2009). Esses achados
demonstram a necessidade de estudos sobre a salinidade, que atualmente é
uma preocupacao global. (MUSTAFA et al., 2019; PITMAN & LAUCHLI., 2002).

Diante desse cenario o ecossistema costeiro € muito influenciado pela
salinidade devido a sua proximidade com o mar (HOBOHM et al., 2021). Portan-
to, € um local com potencial biotecnoldgico para ser explorado, visando aos estu-
dos para mitigar os efeitos prejudiciais da salinidade (SANTOS et al., 2014). Um
dos habitats costeiros € a restinga, que € parte do Bioma Mata Atlantica, localiza-
da na costa leste brasileira (CERQUEIRA, 2000). Este ecossistema abriga comu-
nidades biodticas sobre depdsitos arenosos com alta irradiancia solar, elevada
temperatura, baixa disponibilidade de nutrientes e baixa capacidade de retengao

de agua.

Uma das plantas mais encontradas em restinga € Clusia hilariana Schltdl.
(Clusiaceae), um arbusto nativo que ocorre entre o sudeste e o nordeste do Bra-
sil (ALENCAR et al., 2023; BITTRICH et al., 2015). E uma espécie que favorece o
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desenvolvimento de outras plantas, de modo que ao seu redor ha uma grande
diversidade de plantas estabelecidas (Dias & Scarano 2007). Isso ocorre porque
C. hilariana desempenha um papel fundamental como facilitadora da ciclagem
de nutrientes no ecossistema costeiro, através da decomposicao da sua serapi-
Iheira (VILLELA et al., 2020; BRITO et al., 2018). Esses nutrientes s&o disponibili-
zados para as plantas ao serem lixiviados da serapilheira ou pela agdo dos mi-
crorganismos (KRISHNA & MOHAN., 2017).

Além de poderem atuar como decompositoras fornecendo nutrientes para
0 vegetal, as bactérias também dispdem de outras fungdes na natureza. Elas
podem promover o crescimento das plantas por mecanismos diretos e ou indire-
tos (BORAH et al., 2023). Os mecanismos diretos referem-se as caracteristicas
que resultam no crescimento direto da planta como a solubilizagdo de fosfato,
producao de fitorménios, fixagao bioldgica de nitrogénio e produgao de sideréfo-
ros. Ja os mecanismos indiretos referem-se as caracteristicas que resultam no
crescimento indireto, quando as bactérias promotoras do crescimento da planta
impedem que patdgenos ou fatores abidticos, como salinidade, temperatura,

seca, metais toxicos causem danos a planta (AHEMAD et al., 2014).

Espécies de plantas que vivem naturalmente em ambientes com influén-

cia salina s&o uma fonte valiosa de bactérias promotoras do crescimento vegetal
(BPCV). Alguns trabalhos ja relataram isolamentos bacterianos e aplicacéo de
inoculantes oriundos desses ambientes salinos, inclusive com resultados promis-
sores de ganho de biomassa vegetal (GUO et al., 2021; Magalhaes et al., 2017;
SANTOS et al., 2014; CLACINO et al., 2006). Nesse cenario, € oportuno introdu-
zir medidas sustentaveis como o uso de BPCV para mitigar o efeito do estresse
salino (ARORA, et al., 2018).
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7.4 Materiais e Métodos
7.41 Local da coleta

Amostras da serapilheira da planta Clusia hilariana foram coletadas no
Parque Estadual Paulo César Vinha — PEPCYV, localizado na Rodovia ES-060,
Km 37,5, s/n - Praia de Setiba, Guarapari — Espirito Santo. A coleta foi feita no
més de abril do ano de 2021. Para orientar a coleta das amostras da serapilheira
foi realizado um transecto linear (reto). As amostras foram coletadas em triplica-
ta, em uma formacgao arbustiva aberta da planta Clusia hilariana. O mapa abaixo

(Figura 1), mostra a localizacao e vias de acesso ao PEPCV.
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Figura 1: Mapa de localizagao e vias de acesso do Parque Estadual Paulo César Vinha (Fonte:
DE OLIVEIRA., 2008).

7.4.2 Isolamento de bactérias

Apos a coleta, as amostras da serapilheira foram levadas para o laborato-
rio em um isopor com gelo gel reutilizavel. Para realizar o isolamento, as amos-
tras foram pesadas, para isso usou-se um tubo de 50 mL e uma balanca analiti-
ca. Primeiramente, o tubo foi pesado e o valor foi anotado, posteriormente foi adi-
cionado a este tubo uma quantidade de serapilheira e o tubo foi novamente pesa-
do, para obtengao de 1 g de serapilheira o calculo realizado foi peso antes — peso

depois (PD-PA). A esse tubo, contendo (1 g) da serapilheira, foi adicionado 10
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mL de solugéo salina estéril (NaCl 0,85%) e, em seguida, foi colocado sob agita-
¢ao em um vortex por cinco minutos. Posteriormente, em trés tubos de 1,5 mL foi
adicionado 900 uL de agua destilada estéril e 100 pL da amostra, os tubos foram
homogeneizados e 100 pL foram adicionados a outro tubo, contendo 900 pL de
agua, que novamente foi homogeneizado e outros 100 yL foram adicionados a
outro tubo para obtengao das seguintes diluigdes: 10 2, 10° e 10, um volume de
100 yL de cada diluicao foi pipetado em meio sdlido LB - Luria Bertani
(MACWILLIAMS & LIAO 2006), suplementado com 600 mmol' de NaCl (KUMAR
et al., 2021). O ensaio foi realizado em duplicata, o espalhamento da amostra foi
feito com uma alga de Drigalski de vidro. As placas foram incubadas em estufa

bacterioldgica a 30 °C, por até 72 horas.

Apods o crescimento das colbnias, as bactérias foram isoladas com base
nas diferengas morfolégicas, avaliando: cor, elevagao (presente ou ausente),
borda (regular ou irregular), superficie (lisa ou rugosa) (PERIN, 2003). Dessa
forma, as colbnias que apresentaram caracteristicas distintas foram incubadas
em 5 mL de meio LB liquido, a 175 rpm, em agitador orbital a 30 °C, por 24 horas

e os isolados foram purificados através de estrias cruzadas.
7.4.3 Meio e condicdes de cultivo

Para o cultivo das bactérias, o preparo de culturas estoques e indculos foi
utilizado o meio Luria-Bertani (LB). Os componentes sao: Triptona 10 g, NaCl 10
g, Extrato de Levedura 5 g. Para solidificar o meio, foram adicionados 15 g de
agar por litro (MACWILLIAMS & LIAO 2006). Uma modificagéo foi realizada ao
serem adicionados 10 g L™ de glicose. A solugéo de glicose foi preparada separa-
damente e adicionada ao meio de cultivo quando esse foi usado. Todos os com-
ponentes foram pesados, dissolvidos em agua destilada e, apés homogeneiza-
¢ao, o pH foi ajustado com NaOH, para 7,0 e acondicionado em frasco de vidro.
Depois do preparo, o meio foi esterilizado em autoclave vertical a 121 °C e 1 atm,
por 15 min. No cultivo em meio liquido, as culturas foram incubadas a 30 °C em
agitador pendular a 120 rpm. As placas de Petri foram incubadas em estufa mi-
crobioldégica a 30 °C. O mesmo meio de cultivo foi utilizado para os ensaios de

tolerancia a salinidade, curva de crescimento e inoculagao bacteriana.
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Para o preparo dos inéculos, frascos Erlenmeyer de 250 mL contendo 50
mL do meio LB foram inoculados com uma algada, cobertos com manta feita de
algodao e gaze e incubados a 30 °C com 120 rpm em agitador pendular até atin-

gir a fase exponencial do crescimento.
7.4.4 Producgao de compostos inddlicos

Para avaliar a produgédo de compostos inddlicos, foi utilizado o método de
Salkowsky (SARWAR & KREMER, 1995). Os isolados foram cultivados por qua-
tro horas e aliquotas do cultivo de 100 pL foram adicionadas em 2 mL de meio de
cultivo DYGS (RODRIGUES NETO et al., 1986), com e sem adi¢ao de triptofano
(100 ug L"), suplementado com concentragbes de 300 e 600 mmol™" de Na ClI,
sendo mantidos no escuro por 72 h a 30 °C sob agitacdo de 120 rpm. Para avalia-
¢ao de sintese de compostos inddlicos, 1 mL da cultura foi centrifugada a 13.000
rpom por 5 min e 100 uL do sobrenadante foram transferidos para microplaca. Em
seguida, foram adicionados 100 uL do reagente de Salkowsky e a placa foi incu-
bada no escuro por 30 min. As amostras foram analisadas em espectrofotdmetro
a 530 nm e a quantificacdo de compostos inddlicos produzidos foi dosada por
meio de curva de calibragdo com acido indol-3-acético, relacionando absorban-
cia e concentracao de indois. O ensaio foi realizado em ftriplicata para cada isola-

do com trés experimentos independentes.
7.4.5 Solubilizagao de fosfato

Os isolados foram cultivados em meio liquido por quatro horas sob agita-
cao de 120 rpm. Posteriormente, uma aliquota de 10 uL de indculo foi adicionada
sobre a placa de Petri contendo meio basal (VERMA et al., 2001) acrescido de
0,8 g L' de Ca3(PQ.). e suplementado com concentragbes de 300 e 600 mmol™
de Na Cl. As placas foram incubadas em estufa por 72 h e apds esse periodo foi
observada a formagao do halo de solubilizagéo IS: halo/colénia (INTORNE et al.,
2009). O ensaio foi realizado em triplicata para cada isolado em trés experimen-

tos independentes.
7.4.6 Triagem dos isolados para enzima celulase

Para a selegao do isolado para enzima celulase, foi realizado o teste de

Vermelho Congo para observar a capacidade de hidrolise de Carboximetilcelulo-
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se (CMC) pelas cepas isoladas da serapilheira de Clusia hilariana. Placas fres-
cas dos isolados foram usadas para iniciar o cultivo dos isolados. Para isso, uma
alcada de cada isolado foi adicionada em 25 mL de meio LB liquido incubados
em agitador pendular com 120 rpm por 24 h. Posteriormente foram adicionados
em meio de cultura sdlido Luria Bertani (LB) contendo Carboximetilcelulose -
CMC na concentragéo de 1% a 30°C por 72h. Apds o tempo de incubacgao as pla-
cas foram inundadas com uma solugéo aquosa de 0,1% de Vermelho Congo,
deixando atuar por 20 minutos. Em seguida, as placas foram cobertas com NaCl
(1 mol L") por 20 minutos. A atividade celulolitica foi revelada pelo tamanho da
zona clara ao redor das coldnias dos isolados. A avaliagao foi realizada obser-
vando a presenca ou auséncia do halo amarelado. (HARSHVARDHAN et al.,
2013; APUN et al., 2000).

7.4.7 Ensaio de estresse salino

O meio LB sélido foi suplementado com 300, 600 e 800 mmol"'de NaCl. O
preparo do meio foi feito em concentragcédo dupla para permitir a adigao das dife-
rentes concentragdes. Dessa forma as solugcbes do NaCl também foram feitas
em dobro da concentragao testada. O meio e as solugdes de NaCl foram esterili-
zados em autoclave por 15 minutos (DE OLIVEIRA et al., 2016). O meio so6lido foi
vertido em placas de Petri (esterilizadas) no fluxo laminar que posteriormente,
foram mantidas em estufa bacteriolégica a 30°C por 24 horas, como forma de

controle da esterilidade.

Uma aliquota de 10 uL do inéculo cultivado durante 24 h foi transferida
para as placas de Petri contendo meio LB suplementado com as concentragdes
crescentes de NaCl e uma condicdo sem adigdo de NaCl (controle). As placas
inoculadas foram incubadas em estufa bacteriolégica a 30 °C por um tempo de

exposi¢ao de cinco dias e os resultados foram registrados.

7.4.8 Perfil de crescimento dos trés isolados bacterianos seleciona-

dos

Foi realizado o perfil de crescimento das bactérias selecionadas a partir
das caracteristicas apresentadas nos ensaios anteriores. Uma algada de cada

um dos isolados foi adicionada a um tubo de 50 mL contendo 10 mL de meio LB
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liquido por 24 h sob agitagdo de 120 rpm a 30 °C. Posteriormente foram realiza-
das estrias em uma placa de petri contendo meio LB sdlido, as placas foram incu-
badas em estufa microbiolégica a 30° C por 24 h. Apds 24 h uma algada da placa
fresca de cada isolado foi adicionada a frascos Erlenmeyer de 250 mL contendo
50 mL do meio LB cobertos com manta feita de algodao e gaze e incubados a 30
°C com 120 rpm em agitador pendular. Durante todo o processo, os valores de
D.O foram medidos em espectrofotdmetro em comprimento de onda de 600 nm
com intervalos de tempo regulares, a cada 2 horas, para confirmagéo do isolado

com maior crescimento em menor tempo.
7.4.9 Curva de crescimento da bactéria

O perfil de crescimento da bactéria em meio contendo NaCl e as concen-
tragdes utilizadas foram baseadas no resultado obtido no ensaio anterior. Esse
experimento avaliou o crescimento celular da bactéria na auséncia e presencga de
diferentes concentragdes de NaCl. Foi avaliado em funcédo do tempo de cultivo

sob agitagao.

Para tanto, o cultivo foi feito em triplicata em frascos Erlenmeyer de 500
mL contendo 95 mL de meio LB com glicose e suplementado com concentragdes
crescentes de NaCl (300 e 600 mmol™”) e controle (sem adigdo de NaCl), foram
adicionados 5 mL do in6culo crescido D.O = 4,0 Os frascos foram cobertos com
manta feita de algod&o e gaze e incubados em agitador pendular a 30 °C com
120 rpm. Durante todo o processo, os valores de D.O foram medidos em espec-
trofotbmetro em comprimento de onda de 600 nm com intervalos de tempo regu-
lares, até atingir a fase estacionaria. Amostras do meio fermentado foram coleta-
das e armazenadas para analise de microscopia 6ptica. Todos os ensaios de

cultivo foram realizados em triplicata como experimentos independentes.
7.4.10 Microscopia Optica

As amostras retiradas dos ensaios de curva de crescimento foram previa-
mente fixadas antes de serem analisadas no microscopio optico. Para tanto, 100
uL do meio fermentado foram retirados em tempos previamente estabelecidos e
centrifugados a 13.000 rpm por 5 min. O sobrenadante foi descartado. Em segui-

da, as amostras foram fixadas em solucéo de glutaraldeido 2,5%, paraformaldei-
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do 4,0% e tampé&o cacodilato 0,1 mol *'. Entdo, as amostras foram mantidas em
geladeira a 4 °C até ser observada no MO (BEVERIDGE et al., 2007).

As anélises de Microscopia Optica (MO) foram realizadas no Laboratdrio
de Biologia Celular e Tecidual (LBCT) pertencente ao Centro de Biociéncias e
Biotecnologia (CBB) da UENF. As analises microscopicas das células coletadas
em diferentes tempos de crescimento foram realizadas nas amostras da bactéria
nos tratamentos controle e com as concentracdes de NaCl utilizadas neste expe-
rimento (BEVERIDGE et al., 2007).

7.4.11 Ensaio de promog¢ao do crescimento vegetal

Com base nas caracteristicas de promogéao do crescimento vegetal estu-
dadas, a bactéria foi selecionada para inéculo na planta modelo de estudo Salvi-
nia auriculata. Neste sentido, as plantas foram aclimatadas por 7 dias em casa de
vegetagcdo usando solugdo nutritiva de Hoagland (BIZZO et al., 2014;
HOAGLAND & ARNOD, 1950). Apds esse periodo, as plantas foram trazidas
para o laboratério, onde foi retirado o excesso de agua e as plantas foram pesa-
das. Para retirar o excesso de agua das plantas foram usadas duas folhas de pa-
pel toalha por um tempo de cinco minutos, apds cinco minutos as plantas foram
viradas em outras duas folhas de papel toalha por mais cinco minutos. Entédo, 1 g
de planta foi transferido para potes contendo 500 mL de solugado nutritiva. As
plantas foram mantidas por 8 dias em casa de vegetagao. Foram realizados qua-
tro tratamentos: Tratamento 1 (controle), Tratamento 2 (planta + bactéria), Trata-
mento 3 (planta + 100 mmol” NaCl) e Tratamento 4 (planta + bactéria + 100
mmol™ NaCl). Os tratamentos foram distribuidos em seis réplicas inteiramente

causalizados, sendo os experimentos repetidos duas vezes no tempo.

Ao final do experimento, foram avaliadas biomassa fresca e biomassa
seca apos secagem das amostras a 60 °C por 4 dias. O conteudo de agua da
planta (CA mL g™') foi estimado usando a equacgéo: CA = (BF — BS)/BS.

A prolina foi determinada de acordo com BATES et al. (1973). Amostras
de plantas (100 mg de FW) foram misturadas em 5 mL de acido sulfosalicilico a
3% (p/v) e 0 homogeneizado foi centrifugado a 15.700 g para 10 min em tempe-

ratura ambiente. Em seguida, 1 mL da mistura foi aquecido a 96 °C por 1 h em

85



banho-maria juntamente com 1 mL de ninidrina acida (2,5% ninidrina e 50% de
acido fosforico) e 1 mL de acido acético glacial acido. Apés o resfriamento, a rea-

cao foi medida a 518 nm.
7.4.12 Analises Estatisticas

Os dados foram testados para adequacgao quanto a distribuicdo normal e a
homogeneidade de varidncia usando os testes de Shapiro-Wilk e Levene, res-
pectivamente. Foram realizadas uma regresséo linear multipla e a comparagao
de médias dos tratamentos foi realizada usando andlise de variancia Two Way
ANOVA a um nivel de significancia de 5%. Posteriormente foi realizada analise
Post hoc para comparacéao entre tratamentos. Para analisar as curvas de cresci-
mento foi realizada uma analise de regressé&o polinomial de terceira ordem (k=3).
Todas as analises foram realizadas usando o software R Studio. Os resultados

sao apresentados como média e erro padrao (EP).
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7.5 Resultados
7.5.1 3.1.Isolados da serapilheira de Clusia hilariana

No presente estudo, dez isolados foram obtidos da serapilheira de Clusia
hilariana sob condicao de alta salinidade em placa LB sdlido, suplementado com
600 mmol” de NaCl. Todas as col6nias foram selecionadas com base na caracte-
rizagao que incluiu produgao de pigmento, elevagao borda e superficie como ob-

servado na Tabela 1.

Tabela 1. Caracteristicas morfologicas das colénias dos isolados da serapilheira de Clusia hilaria-
na na restinga PEPCV*.

Isolados Cor Elevacao Borda Superficie
S3101 Branca Presente Irregular Lisa
$3102 Amarela Presente Regular Lisa
$3103 Bege Presente Regular Lisa
S3104 Branca Presente Regular Lisa
$3105 Branca Presente Regular Lisa
$3106 Bege Presente Regular Lisa
$3107 Bege Presente Regular Lisa
$3108 Branca Presente Regular Lisa
$3109 Bege Presente Regular Lisa
*33110 Bege Presente Regular Lisa

*S31 representa um cédigo usado nas rotinas do laboratério: S tipo de amostra (serapilheira), 3
meio de cultura, 1 local de coleta, os demais numeros identificam a ordem na tabela. * PEPCV

Parque Estadual Paulo César Vinha.

7.5.2 Producao de compostos inddlicos

Todos os experimentos foram conduzidos para avaliar a capacidade dos
isolados em realizar atividades de promogao do crescimento vegetal em diferen-
tes concentracgdes de NaCl. Entre os isolados, sete foram analisados para produ-
cao de indois, desses apenas trés foram positivos para produzir indéis, os valo-
res variaram de 16,82 a 105,09 yg mL na condi¢do controle, na auséncia e pre-
senga do triptofano. Na concentragdo de 300 mmol™”' de NaCl os isolados mostra-
ram reduc¢ao na producao de inddis variando de 12,69 a 67,48 ug mL e na con-

centragdo de 600 mmol™ de NaCl a concentragdo de inddis produzida foi ainda
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menor quando comparado a condicdo controle e com a concentragao de 300
mmol” de NaCl variando de 7,85 a 42,81 ug mL. Os demais isolados em estudo
nao produziram, ndo apresentaram a coloragao rosada. Na tabela 2 foram identi-
ficados como negativo ou ndo foram analisados para essa caracteristica identifi-
cado como nd (ndo determinado). Os trés isolados que exibiram produgéo de
compostos inddlicos mesmo em uma alta concentragcéo de NaCl é um indicativo
da sua tolerancia ao estresse salino. Comparando os trés isolados, o isolado
S3103 foi 0 que exibiu maior quantidade de indois em todas as concentracdes
testadas, seguido do isolado S3102 e o isolado S3101 foi o que apresentou a

menor produgao de inddis em todas as condi¢des testadas.
7.5.3 Solubilizagao de fosfato

A maior parte dos isolados foram solubilizadores de fosfato e apresenta-
ram uma zona clara ao redor da gota, para quantificar a solubilizagao de fosfato
pelos diferentes isolados apds 72 h, o halo de solubilizagao foi medido (Tabela 2).
Os resultados revelaram que S3110 foi o que apresentou maior indice de solubili-
zagao 1,64 (mm) na condicdo sem NaCl, um outro isolado que também apresen-
tou halo consideravel foi o isolado S3109 que solubilizou 1,33 (mm), seguido pe-
los isolados restantes que apresentaram halo de solubilizagao variando de 1,13 a
0,8 (mm), na condigdo sem NaCl. Na concentragdo de 300 mmol™” houve uma
reducéo do tamanho do halo para todos os isolados variando de 1,07 a 0,7 (mm)
novamente o isolado S3110 foi 0 que apresentou o maior halo nessa concentra-
¢ao e na concentragdo. Em 600 mmol” o tamanho do halo foi ainda menor para
todos os isolados comparando a com as condi¢gdes anteriores e o isolado S3110
foi 0 que apresentou maior halo 0,80 (mm) e o menor halo foi verificado para o
isolado S3103 0,4 (mm). Vale ressaltar que dois isolados nao apresentaram halo
de solubilizacdo S3101 e S3102 (Tabela 2) porém foram capazes de crescer nas
condigdes testadas, mas ndo apresentaram halo em torno da gota, desta forma,
foram descritos como n3o solubilizadores de fosfato. A medida que a concentra-
cao de sal aumentou houve uma reducéao na eficiéncia de solubilizacdo. Todos os
isolados foram melhores solubilizadores de fosfato na condigdo sem adigéao de
NaCl.
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7.5.4 Ensaio de estresse salino

Os isolados foram desafiados para crescimento em meio sélido sob condi-
cbes crescentes de NaCl. Os resultados demonstraram que mesmo na maior
concentracao testada os isolados cresceram sem aparentemente serem inibidos

pela condi¢ao estressante como pode ser visto na Tabela 2.

Tabela 2. Caracteristicas promotoras do crescimento vegetal em isolados da serapilheira de Clu-

sia hilariana + Presenca da caracteristica; - Auséncia da caracteristica (nd) ndo determinado

i Solubilizagéo - .. Concentra-
Isolados Concentragdes Fosfato® Ind0|§ Mg/l Ind0|‘s Mg/l ¢bes 300,
NaCl mmol IS sem triptofano  com triptofano 600 e 800 CcmMmC*
NaCl mmol’
S3101 0 - 9,02 16,82 + -
S3101 300 - 10,28 12,69
S3101 600 - 7,83 7,85
S3102 0 - 12,91 67,04 +
S3102 300 - 9,71 57,30 + -
S3102 600 - 11,76 34,33
S3103 0 0,8 10,68 105,09 + -
S3103 300 0,6 12,38 67,48
S3103 600 0,4 11,10 42,81
S3104 0 1,2 - - + -
S3104 300 0,9 - -
S3104 600 0,57 - -
S3105 0 0,73 - - + -
S3105 300 0,67 - -
S3105 600 0,53 - -
S3106 0 1,13 - - + -
S3106 300 0,60 - -
S3106 600 0,50 - -
S3107 0 1,10 nd nd + -
S3107 300 0,73 nd nd
S3107 600 0,53 nd nd
S3108 0 1,0 nd nd + -
S3108 300 1,04 nd nd
S3108 600 0,66 nd nd
S3109 0 1,33 - - + -
S3109 300 0,70 - -
S3109 600 0,50 - -
S3110 0 1,64 - - + -
S3110 300 1,07 - -
S3110 600 0,80 - -
*Indice de solubilizagdo IS: *CMC - Carboximetilcelulase

7.5.5 Triagem de bactérias degradadoras de celulose

Os isolados foram testados com o CMC para producao de enzima. O iso-
lado S3102 apresentou essa caracteristica como observado na (Tabela 2). Os
demais isolados nao foram capazes de apresentar o halo amarelado em torno da

gota.

89



7.5.6 Curva de crescimento dos isolados selecionados

Apods a triagem primaria os isolados foram selecionados para avaliagédo
em uma curva de crescimento para obtencdo de um isolado que apresentasse
maior crescimento em menor tempo. O isolado S3103 que apresentou maior
crescimento em menor tempo como apresentado na (Figura 3). Posteriormente
o isolado S3103 foi testado quanto ao seu potencial de crescimento sob diferen-

tes concentragdes de NaCl (300 e 600 mmol™”) em meio liquido LB.

== S3103 =e= 83102 =-e= S3101

®

Densidade 6ptica (600nm)
=

Figura 3: Curva de crescimento dos isoladoS: S3101 S3102 S3103. Cultivo realizado em meio LB
durante 10 h, sob agitagdo constante dos frascos. As barras representam o desvio padrdo da

média.
7.5.7 Curva de crescimento bacteriana

O isolado foi capaz de crescer em meio LB contendo até a concentragao
de 600 mmol™ de sal demostrando tolerancia sob condi¢cdes de estresse salino
(Figura 4). A curva de crescimento para o isolado representa um crescimento
continuo em um método polinomial. O isolado tolerante ao sal exibiu maiores va-
lores de D.O no tratamento com 300 mmol™” de NaCl, com isso a concentragio de
300 mmol" de NaCl nao teve efeito negativo no crescimento do isolado S3103,
enquanto a adicao de 600 mmol™" de NaCl representou uma redugédo no valor da
D.O do isolado S3103. A concentragdo de 300 mmol™ apresentou um perfil de
crescimento similar ao controle durante os intervalos de tempo analisados até 12
h.
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== Controle =e= 300mmol-1 == 600 mmol-1

Densidade optica (600nm)

Figura 4: Curvas de crescimento do isolado S3103. Cultivo realizado em meio LB durante 12 h,
sob agitagéo constante dos frascos. As barras representam o desvio padrdo da média. Esses
dados representam quatro experimentos realizados em momentos distintos e s&o apresentados
como valores de médias + EP provenientes de uma estimativa de 95% de confianga em 1.000

reamostragens (bootstrap).

7.5.8 Microscopia Optica

Considerando o efeito das diferentes concentracées de NaCl no cresci-
mento do isolado S3103, também foi avaliada a morfologia bacteriana dessa cul-
tura submetida ao agente estressor. A figura 5 mostra alteragbes morfolégicas
nas células promovidas pela concentragdo de 600 mmol” de NaCl. Nessa condi-
¢ao a célula encontra-se alongada, muda de um bacilo curto como observado
nas condigdes de 300 mmol™” e condigdo sem do NaCl para um bacilo alongado

principalmente nos tempos iniciais entre 2, 4 e 6 horas do seu crescimento. Esse

efeito ndo ocorreu nas células expostas as outras condigdes.

Figura 5: Efeito do estresse salino na morfologia do isolado S3103. Nas concentragdes 0, 300 e
600 mmol” de NaCl observada a cada duas horas. Amplificagdo da imagem em 100% com 6leo
de imersao. A barra é de 10um.
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7.5.9 Ensaio de promogao do crescimento vegetal

As caracteristicas de crescimento da planta aquatica Salvinia auriculata
foram melhoradas pela inoculacdo com o isolado S3103. A inoculacao foi realiza-
da uma unica vez e ap0ds oito dias de cultivo a biomassa fresca de S. auriculata
aumentou significativamente (p 0,05) em relagéo ao controle (Figura 5 a). O trata-
mento com o isolado S3103 em relagdo a biomassa seca da planta, n&o foi signi-
ficativo (Figura 5 b). A biomassa fresca e a biomassa seca plantas inoculadas
com S3103 aumentaram em 50,51% e 27,53% em comparagao com o controle.
E a biomassa fresca e biomassa seca das plantas na presenga de 100 mmol de
NaCl e inoculadas com S3103 aumentaram em 24,20% e 11 % respectivamente
comparada com a concentracdo de 100 mmol-de NaCl. Em relac&o a quantifica-
cao de prolina (Figura 5 c) foi observado que na presenca do NaCl e inoculado
com o isolado S3103, observou-se uma reducao de 10% na quantidade de proli-
na em comparagao com a concentragcdo de 100 mmol-de NaCl. Em relagdo ao
conteudo de agua houve um aumento de 18% em relagao as plantas inoculadas
comparando com as plantas do grupo controle, e um aumento de 20% nas plan-
tas inoculas na presenca do NaCl comparadas com as plantas cultivadas apenas

na condicdo de NaCl.
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Figura 5: Efeito mitigador da inoculagéo do isolado (S3103) em S. auriculata sob estresse por
NaCl na presenga do agente estressante. Os pontos acompanhados das barras de erro indicam
média e erro padrao provenientes de uma estimativa de 95% de confianga em 1.000 reamostra-
gens (bootstrap). Os boxplots resumem a amostra obtida durante os ensaios através da mediana

linha preta e seus quartis.
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7.6 Discussao

Na presente pesquisa, objetivamos isolar bactérias da serapilheira de
uma planta de ambiente com influéncia salina e avaliar sua capacidade de pro-

mover o crescimento de plantas aquaticas cultivadas sob estresse salino.

O uso de bactérias promotoras do crescimento vegetal € uma abordagem
que tem sido amplamente estudada em varias culturas agricolas para mitigar o
impacto da salinidade nas plantas (LATIF et al., 2023; AZEEM, 2023; NESHAT et
al., 2022; PRITTESH et al., 2020; BHISE et al., 2017). Nesse caso, bactérias tole-
rantes a salinidade sao capazes de suportar altas concentragdes de sal devido a
sua capacidade de acumular osmolito para manter o equilibrio osmatico intrace-
lular (NIU et al., 2022; PARK et al., 2020; SLEATOR, et al., 2002).

Bactérias quando apresentam caracteristicas positivas relacionadas ao
estresse salino facilitam a sobrevivéncia das plantas nessa condi¢do (SGROY et
al., 2009; ETESAMI et al., 2018). No presente estudo, isolamos dez bactérias da
serapilheira sob alta concentracdo de salinidade 600mmol". MAGALHAES et al.,
(2017) isolou bactérias da serapilheira do Parque Estadual Paulo Cesar Vinha-
ES e encontraram um total de 16 isolados, associados a serapilheira. A quantida-
de de bactérias isoladas pode estar relacionada a composi¢ao do meio de cultivo
usado para o isolamento, que difere do meio de cultivo que foi usado nesse estu-
do e a concentracdo de NaCl que nesse estudo foi de 600 mmol'. MAGALHAES
et al., (2017) identificaram os isolados como pertencentes a diferentes espécies
de Burkholderia. No entanto, os isolados do presente estudo néo foram sequen-

ciados e, por isso, ndo temos informacgdes especificas sobre cada um deles.

O potencial de promocéao do crescimento vegetal dessas bactérias foi de-
terminado sob controle e concentragcbes crescentes de NaCl. Sabe - se que
BPCV sao produtoras de compostos inddlicos, entre os indois mais bem estuda-
dos esta o Acido Indol Acético - AIA. Nossas observagdes sobre essa caracte-
ristica sdo consistentes com artigos anteriores onde diversas bactérias halotole-
rantes exibiram a produgao de indois. KHAN et al., (2021) observaram que as
bactérias produziram AlIA em diferentes concentracdes que variaram de 70 a 280
mmol" de NaCl. Concentragdes menores do que as utilizadas na presente anali-

se. RAVAL et al., (2020) encontraram bactérias que produziram AlA na condigéo
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de 670 mmol"' de NaCl. Onde a concentracdo de AlA produzida pelas bactérias
foi de 250 ug/mL. Concentragao que por outro lado, € maior do que a empregada
no presente estudo e a concentracao de AlA produzida também foi maior do que
a dos nossos achados. A sintese do fitohorménio AIA € um mecanismo usado
por BPCV para aumentar o crescimento da planta (PATTEN e GLICK 1996). O
AlA controla varios processos biolégicos que estdo envolvidos no crescimento e
desenvolvimento das plantas, como a iniciagao lateral da raiz, divisao celular e
promove o aumento da area de superficie da raiz, que ajuda na absorgao de nu-
trientes do solo (OLANREWAJU et al., 2017). Os trés isolados bacterianos pro-
duziram uma quantidade relativa de compostos indélicos mesmo sob a condigao

de estresse salino.

Bactérias solubilizadoras de fosfato contribuem para o crescimento das
plantas, essas bactérias tém a capacidade de converter o fosforo insoluvel em
forma de fosforo soluvel através de processos como a acidificagao e a quelagao.
(RODRIGUEZ e FRAGA. 1999). Quando sob estresse salino a absorgao de nutri-
entes se torna deficiente, algumas bactérias possuem mecanismos para sobrevi-
ver nessa condi¢do, reduzindo a captacao de ions salinos na membrana e pare-
de celular regulando a concentragéo intracelular de ions bombeando ions para
fora da célula (RUPPEL et al., 2013). Os isolados apresentaram resposta positiva
para solubilizacdo de fosfato tanto na condigcdo sem estresse salino quanto em
condi¢do de salinidade. MAGALHAES et al. (2017) observou solubilizagdo de
fosfato para todos os isolados o que corrobora com os nossos achados. Existem
muitas bactérias que sdo capazes de solubilizar fésforo insoluvel sob condicéo
de salinidade (FLORES CLAVO et al., 2023; LI et al., 2023; SRINIVASAN et al.,
2012).

A celulose € um dos componentes dos tecidos vegetais (BARHOUM et al.,
2020). Bactérias degradadoras de celulose realizam esse processo devido a pre-
senca de enzimas extracelulares. A atuacao dessas enzimas torna possivel a
degradacao da celulose em glicose (KHADKA et al., 2022; POTPROMMANEE et
al., 2017; GUPTA et al., 2012). Muitas aplicagdes industriais podem ser desen-
volvidas com o uso das celulases produzidas pelas bactérias (KUHAD et al.,
2011). Nesse trabalho apenas o isolado S3102 apresentou halo amarelado, um

possivel candidato para aplicagdes futuras.
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As curvas de crescimento para producgao de inéculo dos trés isolados se-
lecionados foi realizada para encontrar um isolado com maior crescimento em
menor tempo. Observamos que existe uma diferenga no tempo de crescimento
dos trés isolados. PENFOLD, (1914) e HAMILL et al. (2020) explicam que as me-
didas de crescimento microbiano sdo representagdes de diferentes elementos
compostos de taxa de crescimento exponencial, fase estacionaria e declinio. Es-
sas avaliagdes especificas das curvas do crescimento bacteriano considera os
varios processos de crescimento que incluem a divisdo celular dentro de popula-
¢bes, aumento na massa de células, alongamento ou crescimento celular. O
crescimento tardio dos isolados pode estar relacionado com esses fatores descri-
tos anteriormente. Células de uma determinada bactéria com diferentes fendti-
pos respondem de maneira diferente umas das outras durante as fases de cres-
cimento (HAMILL et al., 2020).

Estudos realizados com bactérias sob estresse salino em fungao do tem-
po indicam que determinadas concentragdes de NaCl inibem o crescimento das
células bacterianas (GUPTA et al., 2021, HE et al., 2019). Neste sentido analisa-
mos a influéncia do NaCl sob o crescimento do isolado S3103 e identificamos
que quanto maior a concentragdo de NaCl maior o impacto negativo sobre o

crescimento da populacao bacteriana, que retardou o seu crescimento.

O presente estudo revelou que o isolado S3103 amenizou o impacto da
salinidade na planta aquatica. O isolado S3103 aumentou significativamente a
biomassa fresca da planta aquatica sem estresse e, quando sob o impacto cau-
sado pelo NaCl mitigou o estresse salino. Foi verificado que a quantidade de pro-
lina produzida pela planta aumentou na presenga de 100 mmol™" de NaCl e na
planta inoculada a quantidade de prolina produzida reduziu em 10%. O que cor-
robora com alguns trabalhos que mostraram que a prolina € um dos osmdlitos
produzidos na presengca do estresse salino (GOMES, et al, 2011;
JAMPEETONG et al., 2009). Na literatura, até o presente momento, ndo foram
encontrados trabalhos que examinaram bactérias inoculadas em plantas de Sal-
vinia auriculata Aublet sob estresse salino. Além disso, nossos resultados evi-
denciam a importancia da exploragao bacteriana em restingas, uma vez que uma
melhor compreensao da diversidade e funcionamento microbianos do ecossiste-

ma € de suma importancia na busca de praticas sustentaveis.
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7.7 Conclusao

O presente estudo revelou a existéncia de bactérias em um ecossistema
de restinga a partir do isolamento dessas associadas a serapilheira da planta
Clusia hilariana. Esses isolados exibiram diversas caracteristicas de adaptacao
que podem ser uteis para aplicagdes biotecnoldgicas como atividade de produ-
cao de fitormbnios, solubilizagdo de fosfato, tolerancia a salinidade, atividade

enzimatica e mitigou o estresse salino em plantas de Salvinia auriculata.
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8 Consideragoes finais e perspectivas futuras

Nessa tese investigamos o potencial biotecnolégico da aplicagéo de bac-
térias em quatro capitulos. O primeiro capitulo revisou, as principais caracteristi-
cas biotecnoldgicas existentes e empregadas no mercado agricola em larga es-
cala. O segundo e terceiro capitulos foram dedicados ao isolamento e analises
bacterianos sob estresse por cobre. O ultimo capitulo explorou, em uma aborda-
gem de bioprospecg¢ao, com resultados que inovam a aplicagdo de inoculantes

na mitigagc&do de estresse salino.

No primeiro capitulo, buscamos identificar as principais interfaces de apli-
cacao da pesquisa com as tecnologias vigentes no mercado agricola latino-ame-
ricano. A agricultura € uma das atividades humanas mais antigas e esta sempre
inovando para atender as necessidades alimentares da populagdo. Vivemos
tempos de mudancas, principalmente no que diz respeito as mudancgas climati-
cas, que intensificam os estresses abidticos como a salinidade e o déficit hidrico,
trazendo desafios para a agricultura. Exploramos uma perspectiva para contor-
nar os efeitos negativos do uso de fertilizantes quimicos nao renovaveis e pestici-
das, com inoculantes microbianos. Dessa forma, sera possivel melhorar a quali-
dade dos solos, evitar a perda da diversidade e conservar os corpos hidricos,
promovendo uma agricultura sustentavel e segura. O interesse pelo uso de ino-
culantes microbianos contendo bactérias e fungos, que promovam o crescimento
das plantas, deve aumentar nos préximos anos, devido aos custos mais altos dos
fertilizantes e principalmente com preocupag¢des com a polui¢cao e énfase na agri-
cultura sustentavel. Uma das principais constatacdes da revisao € a de que para
garantir a segurancga alimentar da populagao, é necessario explorar novos cami-
nhos e os inoculantes microbianos sdo uma pratica bem-sucedida, que pode tra-

zer uma solugado para os problemas da agricultura do século XXI.

No segundo capitulo e no terceiro capitulo, plantas aquaticas sao descri-
tas como fitoremediadoras de diferentes metais. Com isso, a hipétese investiga-
da buscava fornecer indicios de respostas de que associadas a espécie de plan-
ta aquatica Salvinia auriculata Aublet sdo encontradas bactérias com caracte-
risticas de promogéo do crescimento vegetal e que na presenga do cobre seja
uma colaboradora na remogao do metal presente na agua. Os resultados de-

monstram que associadas as plantas aquaticas sdo encontradas bactérias com
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caracteristicas de promogao do crescimento vegetal e quando sob estresse cau-
sado pela alta concentragédo de cobre foram capazes de sobreviver e de promo-

ver o crescimento da planta.

No quarto e ultimo capitulo, nosso estudo revelou a existéncia de bactée-
rias em um ecossistema de restinga a partir do isolamento dessas associadas a
serapilheira da planta Clusia hilariana. Nossos resultados evidenciam a impor-
tancia da exploragédo bacteriana em restingas, uma vez que uma melhor com-
preensao da diversidade e funcionamento microbianos do ecossistema é de

suma importancia na busca de praticas sustentaveis.

As principais perspectivas futuras abertas com esse estudo sao duas: a
primeira é a necessidade de ampliagdo das amostras e replicacado dos testes em
outras condi¢des, plantas e fatores experimentais visando a melhorar a precisao
e 0 poder explicativo das principais associag¢des investigadas ao longo da tese. A
segunda é realizar o sequenciamento para investigar os possiveis mecanismos

de resisténcia das bactérias as diferentes fontes de estresse investigadas.
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