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ABSTRACT

Brazil has an extraordinary biodiversity, and for many years,
has been classified as the first of 17 countries with a mega di-
versity, with 22% of the total plants in the world (more than
55000 species). Considering that some endophytes are host-
specific, the incomparable plant diversity found in Brazil en-
compasses an immeasurable variety of habitats and may rep-
resent a repository of unexplored species. As a result of the
endophyte-host interaction, plant-associated microorgan-
isms have an enormous biosynthetic potential to produce
compounds with novelties in structure and bioactivity. Nu-
merous studies have been published over the years describing
the endophytic species isolated in Brazil. Identification of
these species is generally performed via DNA sequencing.
However, many of the genera to which the described taxa be-
long were reviewed phylogenetically and many species were
reclassified. Thus, there is a gap in the real biodiversity of en-
dophytes isolated in Brazil in the last decade. In this scenario,
the present study reviewed the biodiversity of endophytes
isolated from plants found in different Brazilian biomes from
2012 to 2017, including the following topics: (i) species diver-
sity, (i) species identification challenges, (iii) biotechnological
aspects, and (iv) identified metabolites. Endophytes of 54 spe-
cies of plants were studied from 2012 to 2017, resulting in the
identification of 300 genera, with Diaporthe and Bacillus being
the most frequent fungal and bacterial genera, respectively.

Introduction

The discovery of new compounds for pharmaceutical and agro-
nomic purposes is now more necessary than ever [1]. In drug dis-
covery programs, nature remains an unlimited source of complex
molecules. Plants have served as a repository of medicinal bio-
active compounds against numerous diseases for centuries, how-
ever, the isolation and purification of plant compounds in an ade-
quate yield remains a major concern [2]. In addition to the low
yield, the exploitation of plants for extraction of metabolites is al-
so associated with environmental impacts, and new strategies,
such as the use of endophytic microorganisms instead of the
plants themselves, have offered compounds with high therapeu-
tic potential [3].

Microorganisms are well known for their ability to produce sec-
ondary metabolites that are applied in medicine and agriculture,
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and endophytes have gained remarkable attention in view of their
diversity and biotechnological potential [4]. The long relationship
of endophytes with medicinal plants may influence the natural
bioactivity of endophytes by acquiring genetic information from
the plant to produce host-like metabolites [4]. The hypothesis of
genetic exchange involving the endophyte and its host is sup-
ported by the presence of host-like genes in the biosynthetic
pathways of endophytes, resulting in a huge repertoire of en-
zymes and the production of complex molecules. A great example
of the plant-endophyte relationship is the production of paclitaxel
by the endophytic fungus Taxomyces andreanae, a compound pro-
duced primarily by the host, Taxus sp. [5]. Despite the large num-
ber of studies reporting synergism in the metabolic pathways, our
knowledge of the exact mechanisms involving the host-endo-
phyte relationship remains limited [3].

619

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



@ Thieme

It is estimated that more than one million endophytic species
occur in nature, and less than 10% of these species are cataloged
[3]. The challenge in exploring endophytes for drug discovery lies
in how to access the potential of chemical diversity, since the pop-
ulation of endophytes is highly variable and depends on several
components, such as host species and environmental conditions
[6]. In this scenario, tropical forests, such as the Brazilian flora that
holds about 55000 species of terrestrial plants [7], may represent
an interesting repository of new endophytic species that can be
used as a repertoire of new molecules.

An important step in the bioprospecting of microorganisms in-
volves accurate identification of the species to ensure correct re-
porting of the biochemical potential of each species. The precise
identification of microorganisms involves morphological, bio-
chemical, and genetic analyses. However, due to an inadequate
interpretation of DNA sequences (using only blast analysis in pub-
lic databases), several studies have identified endophytes incor-
rectly or incompletely (only at the genus or family level).

Based on these data, this study reviewed the biodiversity of en-
dophytes of plants found in different Brazilian biomes from 2012
to 2017, including species diversity, species identification chal-
lenges, and biotechnological aspects.

Definition of endophytes and strategies
for plant colonization

De Bary [8] suggested that endophytes are microorganisms that
dwell within plant tissues. Based on the microscopic analysis,
Petrini [9] suggested that endophytes are microorganisms that in-
teract with the host plant and as a result of this interaction, no
symptoms of disease are observed. The problem with the defini-
tions of endophytes proposed by De Bary [8] and Petrini [9] is re-
lated to some latent pathogens that live part of their life inside
plants tissues without causing any negative damage. In this con-
text, Hardoim et al. [10] suggested that the term endophyte re-
fers only to habitat and should not be associated with a function,
for example, phytopathogenic or non-phytopathogenic, and all
microorganisms that throughout all or part of their life colonize
the internal tissues of plants are considered endophytes.

The coexistence of plants and endophytes remains unclear[11],
and the main question is: Why do plants not defend themselves
against internal colonizers? So far, it seems that the momentary
symbiotic relationship between the plant and the endophyte is es-
tablished [12]. The endophytes provide nutrients for the plant, can
also facilitate the acquisition of essential nutrients from the envi-
ronment, such as nitrogen, phosphorous, and iron [13], and pro-
duce secondary metabolites that can inhibit an infection by phyto-
pathogens[14]. The main factors that can regulate endophytic col-
onization within a plant include plant genotype, growth stage, tis-
sue physiology, colonized plant tissue, and environmental condi-
tions. The genetic factors of the host can critically influence the
structure and function of the microbiomes associated with the
plants. Thus, endophytes seem to have successfully adapted to
overcome a host-specificimmune system and, thus, to form popu-
lations in the internal tissues [4]. To overcome plant defense mech-
anisms, endophytes produce secondary metabolites or enzymes,
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such as cellulases, lactases, and proteases, which can damage the
plant cell wall and facilitate penetration into the host [ 14]. Another
system also used by endophytes in plant colonization involves
opportunistic penetration through wounds or roots [13].

Once within the plant tissues, the endophyte colonizes the tis-
sues without causing symptoms, but at any time, due to environ-
mental changes such as plant development, availability of nu-
trients, or other factors, that relationship can be broken and the
symptoms of the disease can be observed [15].

Plants explored as a source of endophytes
in Brazil

The Brazilian diversity is divided into six biomes: the Amazonian
rainforest, the Caatinga, the Cerrado (Savannah), the Atlantic
Forest, the Pampa, and the Pantanal (Swampland) [16]. For sev-
eral years, the International Conservation has placed Brazil at the
top of the 17 megadiverse countries of the world, with the largest
number of plant species, 55000, representing 22% of the world
total  (http://www.unesco.org/new/en/brasilia/natural-sciences/
environment/biodiversity/). Considering that some endophytes
are host-specific, the diversity of plants found in Brazil comprises
an extraordinary diversity of habitats, life forms, and biological as-
sociations confined to particular environments at different geo-
graphic scales. Although plant diversity is well documented, the
number and richness of microorganisms in most countries remain
unlisted, and Brazil is no exception. In view of species richness,
two biomes are recognized as global biodiversity hot spots, the
Brazilian Cerrado and the Atlantic Forest [16], and can represent
an inexhaustible source of microorganisms.

A search using the words “endophytes” and “Brazil” in the
PubMed database resulted in 67 papers that performed isolation
and bioprospecting of endophytes from Brazilian biomes during
2012-2017. From the analyzed articles, the data collected were
the name of the plant from which the endophytes were isolated,
the endophytes isolated from each plant, the methods used to
identify the endophytes, the biotechnological potential of the
endophytes, and the isolated secondary metabolites. Endophytes
were grouped at kingdom and family levels based on Mycobank
[MycoBank (http://www.mycobank.org/) classification and list of
prokaryotic names with standing nomenclature (http://www.
bacterio.net/)].

» Table 1 lists the scientific names of the 54 plant species of
which the endophytes were isolated in Brazil from 2012 to 2017.
The plants studied belong to 30 families and the frequency of
each family is shown in » Fig. 1. The most representative plant
families are Fabaceae, Myrtaceae, and Asteraceae, representing
more than 25% of the studies (> Fig. 1). The Fabaceae family in-
cludes several important agricultural and food plants, and Astera-
ceae members provide products such as cooking oils, sunflower
seeds, and sweetening agents. The Myrtaceae family also provides
many products, including timber, essential oils, and horticultural
plants (http://tolweb.org). Interestingly, the most representative
families have obvious significance in the agriculture and food in-
dustries; in contrast, fewer studies have been conducted on the
biodiversity of endophytes of medicinal plants. Biomes and the
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» Table 1 Taxonomic classification of plants containing endophytes and the collection sites. The scientific names of the plants were searched in
the NCBI Taxonomy database to note the family in which the plant is classified.

Plant
Alibertia macrophylla
Alternanthera brasiliana

Ananas comosus

Aspidosperma tomentosum

Avicennia nitida
Avicennia schaueriana
Baccharis trimera
Bauhinia forficate
Bauhinia guianensis
Borreria verticillata
Citrus sinensis

Coffea Arabica
Eichhornia azurea
Eichhornia crassipes
Eucalyptus benthamii
Eucalyptus grandis
Eucalyptus urophylla
Eugenia bimarginata
Fragaria chiloensis
Glycine max

Hadrolaelia jongheana

Hoffmannseggella caulescens

Hoffmannseggella cinnabarina

Hyptis suaveolens
Laguncularia racemose
Lippia sidoides

Luehea divaricate
Lychnophora ericoides
Maytenus ilicifolia
Melia azedarach

Musa spp

Myrcia guianensis
Opuntia ficus-indica
Oryza glumaepatula
Paullinia cupana
Phaseolus vulgaris
Piper hispidum
Rhizophora mangle
Ricinus communis
Saccharum officinarum
Schinus terebinthifolius
Senna spectabilis
Smallanthus sonchifolius
Solanum cernuum

Spondias mombin
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Family
Rubiaceae
Amaranthaceae
Bromeliaceae
Apocynaceae
Verbenaceae
Verbenaceae
Asteraceae
Fabaceae
Fabaceae
Rubiaceae
Rutaceae
Rubiaceae
Pontederiaceae
Pontederiaceae
Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae
Rosaceae
Fabaceae
Orchidaceae
Orchidaceae
Orchidaceae
Lamiaceae
Combretaceae
Verbenaceae
Malvaceae
Asteraceae
Celastraceae
Meliaceae
Musacea
Myrtaceae
Cactaceae
Poaceae
Sapindaceae
Fabaceae
Piperaceae
Rhizophoraceae
Euphorbiaceae
Poaceae
Anacardiaceae
Fabaceae
Asteraceae
Solanaceae

Anacardiaceae
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City and State

Sao Paulo, Sdo Paulo

Sao Paulo, Sdo Paulo

Sao Paulo, S3o Paulo

Rio de Janeiro, Rio de Janeiro
Cananéia, Sao Paulo
Bertioga, Sdo Paulo

Ouro Branco, Minas Gerais
Recife, Pernambuco

Manus, Amazonas

Recife, Pernambuco
Piracicaba, S3o Paulo
Vicosa, Minas Gerais

Porto Rico, Parana

Porto Rico, Parana

Sdo Paulo, Sdo Paulo

Belo Oriente, Minas Gerais
Belo Oriente, Minas Gerais
Belo Orizonte, Minas Gerais
Lavras, Minas Gerais

Vicosa, Minas Gerais

Serra do Brigadeiro, Minas Gerais
Serra do Brigadeiro, Minas Gerais
Serra do Brigadeiro, Minas Gerais
Miranda, Mato Grosso do Sul
Cananéia, S3o Paulo

Sdo Cristévao, Sergipe
Maringd, Parana

Furnas, Minas Gerais
Curitiba, Parana

Sao Carlos, Sdo Paulo
Manacapuru, Amazonas
Santarém, Bahia

Itaiba, Pernambuco
Seropédica, Rio de Janeiro
Manus, Amazonas

Vigosa, Minas Gerais
Maringa, Parana

Cananéia, Sao Paulo
Curitiba, Parand

Seropédica, Rio de Janeiro
Curitiba, Parand

Araraquara, Sdo Paulo
Ribeirdo Preto, Sdo Paulo
Belo Horizonte, Minas Gerais

Redencdo, Pard

Reference
(71]
(72]
(73]
(74]
[75]
(39]
[76]
[77]
(78]
(56]
[79]
(80]
(81]
(81]
(82]
(83]
(83]
[29]
(84]
(85]
(71]
(71]
(71]
(50]
(60]
(86]
(87]
[35]
[20]
(66]
(39]
(88]
[77]
(52]
(53]
(89]
(38]
[75]
[90]
[91]
[20]
(2]
(92]
(32]
(74]

continued
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» Table 1 Continued

Plant Family
Strychnos toxifera Loganiaceae
Theobroma cacao Malvaceae
Trichilia elegans Meliaceae
Vellozia gigantean Velloziaceae
Vernonia polyanthes Asteraceae
Vigna unguiculata Fabaceae
Vitis labrusca Vitaceae

Vochysia divergens Vochysiaceae

Zea mays Poaceae

approximate location where the collections were made were esti-
mated using “Google Maps” (https://www.google.com.br/maps)
and compared with the biome map proposed by Myers et al. [16]
(> Fig. 2). The highest number of collections was carried out in
the Atlantic Forest biome, mainly in the states of Sdo Paulo, Minas
Gerais, and Parana, with the largest species cataloged in these
states. In recent years, no studies on endophytic biodiversity have
been conducted in Pampa (> Fig. 2).

Diversity of Endophytes in Brazil

Taxonomic classification

Table 1S, Supporting Information, contains a taxonomic identifi-
cation of the microorganisms isolated as endophytes from the
plants listed in » Table 1. Of the 54 species of plants studied,
307 species (belonging to 300 genera) were reported (Table 1S,
Supporting Information), 51 and 49% of the isolated genera be-
long, respectively, to the kingdoms bacteria and fungi (> Fig. 3).

Among the bacteria kingdom, more than 50% of genera be-
long to the phylum Proteobacteria, followed by Actinobacteria
and Firmicutes (> Fig. 3). As reported previously [17], 99% of fun-
gal genera isolated as endophytes belong to the Ascomycota and
Basidiomycota phylum, with the dominance of Ascomycota iso-
lates (~ 85%) (» Fig. 3).

» Fig. 4 represents the number of occurrences of different en-
dophytic genera in the studies in Brazil from 2012 to 2017. Dia-
porthe was the fungal genus reported in the largest number of
studies, present as an endophyte in 48% of the analyzed articles
(» Fig. 4). Among the bacteria, Bacillus was the most frequent ge-
nus identified in 77% of the articles (> Fig. 4). These data agree
with several studies on the biodiversity of endophytes [18,19].
Possibly the Diaporthe and Bacillus species have developed effec-
tive strategies to escape plant defenses, or even produce metab-
olites that may be useful for host development or defense against
plant pathogens [20-22]. Despite the high diversity of endo-
phytes of Brazilian plants (Table 1S, Supporting Information), of
the 300 genera reported as endophytes, 101 bacteria and 83 fun-
gal genera were reported as endophytes in only one publication
(» Fig. 4 and Table S1, Supporting Information), suggesting that
the endophytic community in Brazil remains little explored.

622

City and State Reference
Manaus, Amazonas [61]
Brasilia, Distrito Federal [40]
Maringa, Parana [93]
Tocantins [94]
Ouro Preto, Minas Gerais [68]
Juazeiro, Bahia [95]
Salesépolis, Sdo Paulo [96]
Miranda, Mato Grosso do Sul [27]
Anchieta, Espirito Santos [50]

oeaoeh
Amaranthaceae

5.56 %

3.7 %

11.11%

5.56 %

9.26 %

> Fig. 1 Families of plants from which endophytes have been
isolated. The size of the wedges is proportional to the number of
genera that correspond to each family.

Problems in DNA sequence analysis

The identification of endophytes at the species level is performed
based on taxonomy, ecology, and applied reasons, such as the dis-
covery of new products based on genomic analysis. Raja et al. [23]
reported that 28 % of the articles published in the Journal of Natu-
ral Products did not have any identification for fungal strains pro-
ducing active molecules, and 31% of strain identification was
based only on morphological aspects. Because correct species
identification is a key step in ensuring reproducibility for biotech-
nology purposes and may reveal important information about its
possible biochemical properties, a correct and robust method for
species recognition should be applied in biodiversity studies and
bioprospecting of endophytes.

For many years, microbiologists have used morphology as the
sole criterion for species identification. However, morphological
characteristics do not always present good performance in the
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» Fig. 2 Collection sites of plants harboring endophytes in different Brazilian biomes. Site locations of collected plants were estimated with
“Google Maps” (https://www.google.com.br/maps) based on the information provided in the literature. The circles and their colors indicate where

and the number of studies performed.

identification of the species, and the absence of phenotypic infor-
mation, such as the lack of sporulation in laboratory conditions,
increase the difficulties of identification, even at the genus level
[24]. Thus, molecular approaches become a reliable alternative
for the identification of endophytes.

To date, the ITS and 16S rRNA regions remain the first choice
for identification of fungi and bacteria, respectively. In the ana-
lyzed articles, 95.5% used molecular markers to identify species
and the majority, 93.5%, used only one ribosomal marker (Table
1S, Supporting Information). However, to identify cryptic species
in some genera, such as Diaporthe [25], Fusarium [26], Microbis-
pora [27], and Streptomyces [28], ribosomal markers are not infor-
mative enough. In addition to this problem, most of the analyzed
papers performed the identification of the strains based on simi-
larity, comparing the DNA sequences with the GenBank database
using the BLAST tool. However, it is already known that BLAST
search-based identifications should be carried out with caution
since in GenBank, there are misidentified sequences and entries
with other annotation problems [23]. An interesting alternative
that can minimize these problems is to use the “sequence from
type” filter in the blast searches, or to conduct searches in the
RefSeq Targeted Loci project (http://www.ncbi.nlm.nih.gov/
refseq/targetedloci/), which maintains curated sets of full-length
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sequences of type material for ribosomal RNAs [25]. Therefore, in
order to obtain a correct identification of the species, this should
be performed through a phylogenetic analysis using an evolution-
ary framework with homologous sequences of all type strain of
each genus [23]. In contrast to similarity-based identification,
phylogeny reconstructs the tree-like pattern that describes the
evolutionary relationships between species with a predictive value
[25].

In order to evaluate the accuracy of the species identification
of endophytes isolated in Brazil, we have reanalyzed the se-
quences published in 18 articles describing strains with biotech-
nological potential (> Table 2). First, the sequences were com-
pared to the sequences available in the GenBank database
(http://www.ncbi.nlm.nih.gov/BLAST/) using the Blast tool, and
selecting the option “blast only in type strains sequences”. The
value of 95% similarity was used as discriminatory for identifica-
tion at the genus level. Sequences of all type strains of each genus
of fungi and bacteria were obtained from MycoBank (http://www.
mycobank.org/) and from the list of prokaryotic names with
standing in nomenclature (http://www.bacterio.net/), respective-
ly. The species identification of each strain was based on Bayesian
phylogenic analysis according to Savi et al. [27].
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We performed 27 new phylogenetic analyzes of 78 isolates be-
longing to 26 genera (> Table 2 and Figs. 1S-27S, Supporting In-
formation) in order to verify if the published identifications are
correct or if there are misidentified species. Based on these analy-
ses, we noticed that two isolates were erroneously identified at
the genus level in the previous articles: Pereira et al. [29] identi-
fied the strain UFMGCB2032 (Genbank code KF681521), isolated
from Eugenia bimarginata, as Mycosphaerella sp. based on phyloge-
netic analysis. The authors used only ITS sequences from a few
type species of the Mycosphaerella genus and other GenBank se-
quences. However, Crous [30], using morphological and molecu-
lar approaches, demonstrated that Mycosphaerella is polyphyletic
and represents a complex of genera and species, containing about
10000 species names, and has been split into more than 23 gen-
era based on phylogenetic analysis and asexual morphs [30,31].
Based on these data and the previously listed article, we found
that the isolate reported by Pereira shows high similarity to se-
quences of the genus Phaeophleospora, and in our new phyloge-
netic analysis (Fig.19S, Supporting Information), the strain
UFMGCB2032 is clustered to Phaeophleospora gregaria, Phaeo-
phleospora scytalidii, and Phaeophleospora eugeniicola, confirming
the identification of this strain as Phaeophleospora sp. The second
misidentification at the genus level was performed by Vieira et al.
[32] for the isolate UFMGCB4428 (GeneBank code K]404203)
(Fig. 8S, Supporting Information). The authors identified strain
UFMGCB4428 as Chaetomium sp. based on 90% similarity in
BLAST analysis. However, despite the poor sequence quality (rep-
resented by several indeterminate bases, “N”, present in the se-
quence), the first 190 bp of the ITS sequence do not have similar-
ity to the ITS sequences of the Chaetomium species, which may
suggest a mixture of DNA sequences.

Isolate RLe10 (GenBank code KF057058) was identified as Kita-
satospora cystarginea by Conti et al. [33]. However, several reports
have shown that the partial sequences of 16S rRNA did not have
enough information to differentiate Kitasotospora species from
Streptomyces [28,34], as observed in our analysis (Fig. 26S, Sup-
porting Information). A multilocus approach is required for the
identification of species in these cryptic genera.

The remaining 75 isolates were correctly identified at the ge-
nus level, however, 17 isolates belonging to the genera Aspergillus,
Phyllosticta, Colletotrichum, Lasiodiplodia, Streptomyces, and Bacillus
were misidentified at the species level (> Table 2) [33,35-40].

The difference in the identification of two isolates belonging to
species of Phyllosticta and Lasidioplodia genera (> Table 2) pub-
lished by Orlandelli et al. [38] was due to the description of new
species in the genera Phyllosticta and Lasiodiplodia after their pub-
lication. In these cases, the isolates clustered with more than one
species (Figs.21S and 13S, Supporting Information), making
identification at the species level impossible. As an example, the
species Phyllosticta paracapitalensis, recently described, is not dif-
ferentiated from Phyllosticta capitalensis using only ITS sequences
[41], requiring a multilocus sequence for species identification.

Silva et al. [36], Souza et al. [39], and Falcdo et al. [40] erro-
neously identified several isolates at the species level in the gen-
era Aspergillus and Bacillus. In our phylogenetic analyses, these iso-
lates were not identified at the species level, but as belonging to
Aspergillus section terrei and Bacillus section subtilis (Figs. 4S and
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> Fig. 3 The frequency of kingdom and phylum of endophytes iso-
lated in Brazil between the years 2012 and 2017. Bars represent
kingdom, and colors represents phylum inside each kingdom.

5S, Supporting Information). The dentification of species within
these sections is not possible using only ITS sequences [42,43].
Chagas et al. [35] and Conti et al. [33] identified seven isolates
belonging to the genus Streptomyces based on the 16S rRNA par-
tial sequence (~ 400 bp). The authors performed the phylogenic
analysis using only a few species of the more than 500 species be-
longing to the genus Streptomyces. In addition to the low number
of species used for phylogenetic analyses, in some cases, the iso-
late presented 100% similarity with more than one species, such
as the strain RLe13. In these cases, the authors identified the
strain as belonging to the species based on the similarity to the
sequence of species deposited in the CBS database, even without
phylogenetic support. Several authors have reported the low dis-
criminatory power of ribosomal markers and have suggested a
minimum of four loci to identify species within the genus Strepto-
myces [28,44]. This same difficulty is observed for fungi, such as
the Diaporthe genus, in which few species are identified using only
ribosomal markers, such as the ITS sequences (> Table 2 and
Figs. 10S and 27S, Supporting Information) [25]. In these cases,
a multilocus sequences analysis, using protein-coding genes, is
recommended [25,27,41,44]. Among the protein-coding
markers used to identify fungal species, the translation elongation
factor 1-alpha (tef1), beta-tubulin (tub2), and actin (act), GAPDH
and subunits of RNA polymerase (RPB1 and RPB2) have been com-
monly used to infer phylogenetic relationships and species identi-
fication [25,44]. For bacteria, the use of housekeeping genes has
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been confirmed as highly reproducible, low cost, and with the
same efficiency as DNA-DNA hybridization for species identifica-
tion. The most common multilocus analysis consists of sequences
of gyrB (DNA gyrase, beta subunit), rpoD (RNA polymerase, o fac-
tor), recA (recombinase A), and trpB (tryptophan synthase, beta
subunit) genes [27-28,44,45].

Biological activity of endophytes found in Brazil

Research on natural products is still the most effective way to dis-
cover new compounds, and less than 10% of the world’s biodiver-
sity has been evaluated for its biological potential [46]. Endo-
phytes have great importance in the production of compounds
with a unique structure, which may result from several biological
interactions [47], however, the challenge for drug discovery is
how to access this chemical potential. Most of the studies on en-
dophytic biodiversity published in Brazil (2012-2017) present
some bioprospecting studies, such as evaluation of antibiotic,
antioxidant, antiparasitic, or cytotoxicity activities, or the use of
endophytes to promote plant growth or reactive dye discoloration
[40,48-54] (> Table 3). As a result of the success obtained in
terms of discovering active metabolite-producing endophytes, a
large number of compounds [2,55-57] or known compounds
with unreported biological properties [33,36,58-60] have been
reported.

Itis well known that the culture conditions can drastically influ-
ence the profile of the metabolites produced by a specific strain.

Savi DC et al. Brazilian Plants: An... Planta Med 2019; 85: 619-636

To evaluate the influence of culture conditions on the antibacterial
activity of endophytic isolates of the medicinal plant Schinus tere-
binthifolius, Tonial et al. [48] explored the production of metabo-
lites using 4 N (Nitrogen) and 3 C (Carbon) sources, different tem-
peratures, pHs, and incubation time. Interestingly, independent
of the species analyzed, galactose was the most effective source
of carbon to produce active metabolites, acidification provided
the best results in terms of activity against Candida albicans, while
optimal temperature and nitrogen source varied depending on
the strain.

In 2012, Koolen et al. [61] reported for the first time the isola-
tion of cyclo-(glycyl-Ltyrosyl)-4,4-dimethylallyl ether, a diketopi-
perazine alkaloid, from Gliocladium sp. The compound showed
high bactericidal activity against Micrococcus luteus (43.4 uM). Di-
ketopiperazine alkaloids are known to possess a broad spectrum
of actions exhibiting antibacterial, antifungal, and cytotoxic activ-
ities [62].

Andrioli et al. [63] explored the potential of the eugenitin com-
pound, isolated from the endophytic strain Mycoleptodiscus indi-
cus, to increase the production of the enzyme glucoamylase by As-
pergillus niveus. Eugenitin increased the activity of A. niveus glu-
coamylase twofold, improving the production of glucose and
ethanol using starch as a carbon source. The authors explored an
unusual biological application to fungal metabolites [64], and
their data highlight the importance of understanding the commu-
nication between endophytes in the activation of genes related to
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the production of metabolites [3]. In the same aspect, Chagas et
al. [35] evaluated the interaction between endophytes of Smallan-
thus sonchifolius, aiming to understand the chemical communica-
tion between Alternaria tenuissima and Nigrospora sphaerica.
A. tenuissima produced polyketides with antifungal activity in re-
sponse to N. sphaerica. In addition, the effect of this relationship
on the host was also evaluated, and even at concentrations higher
than those required for antifungal activity, the compounds did not
present phytotoxic activity to the host.

A screening program for the discovery of compounds pro-
duced by endophytic fungi from plants belonging to the Astera-
ceae family resulted in the isolation of two compounds, the ste-
roid (22E,24R)-8,14-epoxyergosta-4,22-diene-3,6-dione (a) and
the diterpene aphidicolin (b), with strong cytotoxicity against HL-
60 cells [65]. Compounds (a) and (b) have been reported previ-
ously in the literature, however, the mechanism of action in HL-
60 cells has not been elucidated. Using molecular targets, the au-
thors suggested that compound (a) could influence the G2/M
transition of the mitotic cells cycle, while compound (b) showed
apoptotic activity. Since leukemia represents a common type of
cancer among adults, and in the United States in 2012 more than
40000 new cases were reported, finding new drugs and under-
standing how they act against leukemia cells are extremely impor-
tant discoveries.

Pereira et al. [29] worked with 400 endophytic fungi isolated
from different Brazilian ecosystems in order to select active
strains against of Cryptococcus neoformans and Cryptococcus gattii.
Strain Mycosphaerella sp. UFMGCB 2032, isolated from Eugenia bi-
marginata, showed remarkable antifungal activity, with MIC val-
ues of 31.2 and 7.8 ug/mL against Cryptococcus neoformans and
C. gattii, respectively. After several chromatography techniques,
two compounds were isolated and identified as responsible for
antifungal activity, (2S,3R,4R)-(E)-2-amino-3,4-dihydroxy-2-(hy-
droxymethyl)-14-oxoeicos-6,12-dienoic acid and (2S,3R,4R)-(E)-
2-amino-3,4-dihydroxy-2-(hydroxymethyl)-14-oxoeicos-6-enoic
acid, against C. neoformans and C. gattii, with MICs of 1.3-2.50 g/
mL and 0.5 pg/mL, respectively. These compounds may represent
an option to treat infections caused by Cryptococcus species.

The focus of many studies on natural products is to find com-
pounds with antimicrobial or cytotoxic activities, while the anti-
parasitic potential remains little explored. Leishmaniasis is an en-
demic disease in Brazil [66] and is one of the most neglected dis-
eases in the world, affecting poor people in developing countries
[67]. In order to find new compounds for the treatment of Leish-
maniasis, do Nascimento et al. [68] analyzed 16 endophytic fungi
of Vernonia palyanthes. Using a bioassay-guided fractionation of
the extract produced by the endophyte Cochliobolus sativus, the
compounds cochlioquinone A, isocochlioquinone A, and anhydro-
cochlioquinone A were identified as responsible for antileishmani-
al activity, with ECsq values of 1.7, 4.1, and 50.5 pg/mL, respec-
tively.

Seven new compounds have been reported from endophytes
found in Brazil in recent years (» Table 3). The compounds belong
to four chemical classes, butanolide (y-lactone, é-lactone), glycer-
ide (monoacylglycerol) [35], alternariol [2], and azaphilone (my-
coleptones) [56] (> Table 3). Their chemical structures are listed
in » Fig. 5. The a-d compounds (> Fig. 5) were isolated in a large

Reference
[59]

[63]
[61]
[54]

Cyclo-(glycyl-Ltyrosyl)-4,4-dimethylallyl ether
Indole-3-carbaldehyde

tryptophol
3-(Hydroxyacetyl)indole

3-Nitropropionic acid
Brevianamide F

Compound
Eugenitin
1-Acetyl-Bcarboline
Cyclo-(L-Pro-L-Phe)
Cyclo(L-Pro-L-Tyr)
Cyclo-(L-Pro-LLeu)
Cyclo-(L-Val-L-Phe)

Increases the production of glucoamylases by Aspergilus niveus

Only the diketopiperazines did not show antibacterial activity

Biological activities
Antibacterial activity

Citotoxicity

The bolds indicate new compounds.

> Table 3 Continued
Phomopsis longicolla
Mycoleptodiscus indicus
Gliocladium sp

Endophytic
Aeromicrobium ponti
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» Fig. 5 Chemical structures of the new compounds isolated from
endophytes in Brazil in the years 2012-2017, reported by Chagas et
al. [35] (a-c); Chapla et al. [2] (d), and Andrioli et al. [56] (e-g).
Chemical structures were obtained using the software Chemdraw
(https://chemistry.com.pk/software/chemdraw-free/).

amount from the crude extract of endophytes but showed no ac-
tivity in the biological evaluations [2,35]. The absence of activity
under laboratory conditions may not necessarily reflect the role of
these metabolites in nature. Knowledge of biological functions in
the interaction of microbes with the environment can provide in-
sight into how these molecules are used by the microorganism
[69]. The mycoleptones (> Fig. 5 e—g) are azophilones with an un-
usual methylene bridge and were produced by the endophytic
strain M. indicus isolated from the medicinal plant Borreria verticil-
lata. Azaphilones are known for their range of biological activity,
such as antimicrobial, nematicidal, and anti-inflammatory [70].
Andrioli et al. [56] demonstrated that the new mycoleptones are
non-selective compounds with antileishmanial and cytotoxic ac-
tivities.

Secondary metabolites produced by endophytes, in general,
are less toxic to eukaryotes than to prokaryotes, since endophytes
should not harm the host plant [17]. This is especially true if we
compare the number of compounds with antibacterial activity
(16) with those showing antifungal activity (8) (> Table 3). How-
ever, the need for new compounds for the treatment of neglected

Savi DC et al. Brazilian Plants: An... Planta Med 2019; 85: 619-636

diseases present in Brazil, such as Leishmaniasis, has led to the de-
velopment of programs to find metabolites with antiparasitic ac-
tivity. These programs resulted in the isolation of 17 compounds
with antiparasitic activity, the equivalent number of compounds
with antibacterial activity (> Table 3). The host tolerance to these
compounds may be the result of similar molecules produced by
the plants, or even the secretion of metabolites that inactivate
the toxic metabolites produced by endophytes [6].

Conclusions

Brazil represents one of the largest biodiversities in the world and
most of the biological sources remain underexplored. Between
the years 2012-2017, more than 300 genera of fungi and bacteria
were identified as endophytes of 54 plant species, with Diaporthe
and Bacillus being the most isolated genera. The prevalence of
these genera as endophytes may be related to the escape of the
host immune response or the production of secondary metabo-
lites that encompass advances in plant resistance to insects and
pathogens. Endophytes found in Brazil have been linked as a
source of bioactive molecules, some of them with a new molecu-
lar structure. Biotechnological advances contribute to enhancing
the importance of Brazilian diversity, and new species and bioac-
tive compounds are waiting to be reported.

Supporting information

Phylogenetic analyzes and compilation data of all species and gen-
era isolated as endophytes from medicinal plants in Brazil from
2012 to 2017 are available as Supporting Information.
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