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Abstract
The discovery of mimivirus in 2003 prompted the search for novel giant viruses worldwide. Despite increasing 
interest, the diversity and distribution of giant viruses is barely known. Here, we present data from a 2012–2022 
study aimed at prospecting for amoebal viruses in water, soil, mud, and sewage samples across Brazilian biomes, 
using Acanthamoeba castellanii for isolation. A total of 881 aliquots from 187 samples covering terrestrial and 
marine Brazilian biomes were processed. Electron microscopy and PCR were used to identify the obtained isolates. 
Sixty-seven amoebal viruses were isolated, including mimiviruses, marseilleviruses, pandoraviruses, cedratviruses, 
and yaraviruses. Viruses were isolated from all tested sample types and almost all biomes. In comparison to other 
similar studies, our work isolated a substantial number of Marseillevirus and cedratvirus representatives. Taken 
together, our results used a combination of isolation techniques with microscopy, PCR, and sequencing and put 
highlight on richness of giant virus present in different terrestrial and marine Brazilian biomes.
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Introduction
Amoeba giant viruses are well-known for their structural 
and genomic complexity. Since the mimivirus discovery 
in 2003 [1], several groups of giant viruses have been 
described. Metagenomics and prospective studies involv-
ing virus isolation revealed that giant amoeba viruses are 
distributed in a diverse range of environments and sub-
strates [2–8]. These entities have been already isolated 
from water samples, animals’ bodies, permafrost, ocean 
depths, thermal springs, and soda lakes [9–12].

Brazil is one of the countries with the highest biodi-
versity and species richness in the world [13]. Its tropical 
forests, such as the Amazon, are globally renowned for 
their complexity and their role in regulating the world’s 
climate. However, tropical forests represent just a part 
of the vast Brazilian territory. Brazil is described as hav-
ing six major biomes: Amazon (i) and Atlantic Forest 
(ii), both typical of humid tropical forests and biodiver-
sity hotspots; Cerrado (iii), a savanna biome with a rich 
network of rivers and a high number of endemic species; 
Caatinga (iv), an arid biome with species well-adapted 
to water scarcity; Pantanal (v), one of the world’s largest 
wetland plains; and Pampas (vi), a biome typical of the 
cooler regions of Brazil, composed of grasslands [14]. In 
this context, our group has been prospecting viruses of 
amoebas in Brazilian territory, and we have described 
completely new species, including Tupanvirus and Yara-
virus [11, 15].

In this present work, we describe our efforts in the pro-
spective study of giant viruses from 2012 to 2022. A total 
of 67 viruses were isolated and identified, from almost all 
Brazilian biomes. Our study provides information into 
the isolation and richness of giant amoeba viruses across 
Brazilian territory, shedding light on their presence in 
both natural and urban environments.

Materials and methods
Cells and medium
The free-living amoeba of the species Acanthamoeba 
castellanii from the American Type Culture Collec-
tion (ATCC 30,234; Maryland, USA) was used in all 
experiments. The amoebas were propagated in cell cul-
ture flasks using peptone-yeast extract-glucose medium 
(PYG) supplemented with 100 IU/mL of penicillin (Cel-
lofarm, Brazil), 0.25 µg/mL of amphotericin B (Cultilab, 
Brazil), and 0.1 mg/mL of streptomycin (Sigma-Aldrich, 
USA). To perform the subcultures, the amoebas were 
mechanically detached from the monolayer by tapping 
the bottle, quantified in a Neubauer chamber, and the 
necessary amount was inoculated into a new flask with 
fresh medium.

Samples collection
The samples were collected from 2012 to 2022. It is 
important to note that this study does not intend to test a 
similar number of samples per biome, state, or substrate. 
This is a descriptive work on the richness of giant viruses 
found in Brazil in a 11-years study. Brazil has a vast ter-
ritory, and reaching some regions can be challenging due 
to logistical or funding issues. Therefore, several col-
lections prospected here were donated to our group by 
local researchers. The collections were carried out with 
authorization from the Biodiversity Authorization and 
Information System (SISBIO) under the identification 
numbers: 33326-2 and 34293-2; and SISGEN: A2291C9. 
Most of the collections were made using mainly sterile 
1.5 mL microtubes or 50 mL conical tubes. After collec-
tion, the samples underwent three cycles of freezing and 
thawing (a process to reduce contamination) and were 
organized into collections. For this purpose, each sample 
was aliquoted into 1.5 mL microtubes, with 1 to 10 ali-
quots of 1 mL, depending on the initial quantity of the 
sample, and stored at -20  °C. At the end of the organi-
zation, 24 collections were obtained, collected from dif-
ferent Brazilian states and biomes (Fig.  1A). Samples 
were obtained from different Brazilian states: Amazonas, 
Bahia, Goiás, Maranhão, Mato Grosso do Sul, Minas 
Gerais, Piauí, Rio Grande do Sul, Santa Catarina, and São 
Paulo. These samples resulted in 1 collection from the 
Pantanal biome, 1 collection from the Caatinga biome, 
1 collection from the Amazon biome, 1 collection from 
the Pampa biome, 6 collections from the Atlantic For-
est biome, 13 collections from the Cerrado biome (Sup. 
Table 1). At last, 61 samples were also collected from the 
Atlantic Ocean inside the Brazilian Exclusive Economic 
Zone (EEZ) from Rio de Janeiro to Rio Grande do Norte, 
corresponding to 1 collection. From those 24 collec-
tions, a total of 881 aliquots of 187 samples were tested 
for giant viruses. The majority of the samples originated 
from freshwater (459 aliquots), followed by sewage (110 
aliquots), saltwater (300 aliquots), mud (10 aliquots), and 
soil (2 aliquots) (Fig. 1B).

Prospection of giant viruses in Acanthamoeba castellanii
For prospection of giant viruses, preliminary process-
ing of the samples is carried out. For water and sewage 
samples, a dilution was performed at a ratio of 1:10 for 
each aliquot. For mud samples, it was necessary to wait 
24 h at 10 °C for the sediment to settle first and then per-
form a dilution at a ratio of 1:10 for each aliquot with the 
liquid content of the supernatant. For soil samples, 100 g 
of sediment was collected and 300 µL of sterile distilled 
water was added, resulting in an initial dilution of 1:4; 
this content was then vortexed, and the sample was left in 
the refrigerator overnight for sediment settling. After this 
period, a dilution at a ratio of 1:10 for each aliquot was 
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Fig. 1 (A) Map with the distribution of collections. Location of each collection based on its geographical coordinates. Brazilian biomes are represented 
by different colors, as per the figure legend. (B) Types of samples considering all the collections
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performed with the liquid content of the supernatant. 
The 1:10 dilutions were made using 1x phosphate-buff-
ered saline (PBS). Virus isolation was performed in Acan-
thamoeba castellanii seeded in 96-well plates (Kasvi, 
Brazil) is PYG medium supplemented with three addi-
tional antibiotics: 0.004 mg/mL vancomycin (Inlab, Bra-
zil), 0.004  mg/mL ciprofloxacin (Sigma-Aldrich, USA), 
and 0.020  mg/mL doxycycline (Sigma-Aldrich, USA). 
Inoculated amoebas were monitored for seven days, dur-
ing three rounds of blind passages. In case of cytopathic 
effects, the extract of amoebas was collected and sent to 
virus identification [16].

Transmission electron microscopy
For transmission electron microscopy (TEM), 1.5 × 107 
cells of A. castellanii were added to T-75 cell culture 
flasks (Kasvi, Brazil). The cells were infected with the 
newly isolated viruses during this work at a multiplicity 
of infection (MOI) of 0.01 and maintained in incubators 
at a temperature of approximately 30  °C until the cyto-
pathic effect appearance. After observing the cytopathic 
effect, the contents of the bottle were collected into 
a 50 mL conical tube and centrifuged at 1308 x g (Sor-
vall RT6000B) for 10  min. Following centrifugation, the 
supernatant was discarded, and the pellet was washed 
with 5 mL of 0.1 M monosodium phosphate buffer, and 
the contents were transferred to a 15 mL conical tube 
and centrifuged again at 1308 x g (Sorvall RT6000B) 
for 10 min, washing and centrifugation were performed 
twice. After washing, the supernatant was discarded, and 
the pellet was resuspended in 1.5 mL of fixative com-
posed of 2.5% glutaraldehyde and 0.1  M monosodium 
phosphate buffer and kept in a homogenizer for 2  h at 
room temperature. After the incubation period with the 
fixative, the contents of the conical tube were centrifuged 
at 145 x g (Sorvall RT6000B) for 10 min, the supernatant 
was discarded, and the pellet was resuspended with 1 mL 
of 0.1  M monosodium phosphate buffer, the contents 
were transferred to a 1.5 mL microtube and centrifuged 
again at 0.8 x g (Eppendorf 5415R) for 10 min. After this 
final centrifugation, the material was correctly identi-
fied and stored in the refrigerator until it was sent to the 
Microscopy Center of UFMG. There, it underwent sub-
sequent fixation with 2% osmium tetroxide, embedding 
in EPON resin, and preparation of ultra-thin sections. 
Image analysis was performed using a transmission elec-
tron microscope (FEI SpiritBiotwin 120 kV). The identi-
fication of the viruses was performed based on multiple 
features from the particles (morphology, size, unique 
structures and capsid characteristics) combined with 
impact of infection on the host (viral factory appearance 
and reorganization of host cytoplasm).

PCR identification and sequencing
Following the identification of cultures exhibiting a 
cytopathic effect, screening was conducted via PCR tar-
geting specific giant virus groups (Sup. Table 2). DNA 
extraction was performed using the phenol-chloroform 
method from 200 µL of the collected content from posi-
tive aliquots, yielding DNA at a concentration of approxi-
mately 50  µg/µl, utilized as a template for PCR assays. 
PCR assays targeted various genes, including the major 
capsid protein gene of mimivirus, Marseillevirus and 
yaravirus; and the DNA polymerase gene of Pandoravi-
rus, pithovirus and cedratvirus. Design and standardiza-
tion of primers and reactions were ensured to prevent 
cross-amplification among analyzed viruses available on 
GenBank.

PCR assays utilized 1 µL of extracted DNA (~ 50 nano-
grams) in an amplification reaction mix containing 5 µL 
of SYBR Green Master Mix (Thermo Fisher Scientific, 
USA) and 0.4 µL (10 µM) of forward and reverse prim-
ers, adjusted with ultrapure water to a final volume of 
10 µL. Thermal cycling conditions on the StepOne ther-
mal cycler (Applied Biosystem, USA) comprised initial 
denaturation at 95  °C for 10  min, followed by 40 cycles 
of 95 °C for 15 s and 60 °C for 1 min, with a final step of 
95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. Posi-
tive samples exhibited amplification with specific melting 
temperatures, while negative samples showed no specific 
amplification. As negative controls, DNA extracted from 
non-inoculated amoebas with purified viruses or samples 
was used, while DNA from amoebae infected with puri-
fied virus served as a positive control.

Phylogenetic analyses
Some representative viruses of each group were 
sequenced. The samples containing purified virus under-
went sequencing using the Illumina MiSeq system, 
employing a paired-end library and an Illumina DNA 
Prep kit (Illumina Inc., San Diego, CA, USA). Quality 
control of the obtained reads was conducted using the 
FastQC program, followed by read trimming with the 
Trimmomatic tool. Genome de novo assembly was per-
formed using Spades 3.12 with default parameters [17].

Phylogenetic trees were constructed using IQtree soft-
ware (version 1.6.12) employing the maximum-likelihood 
method, with 1,000 bootstrap replicates for branch sup-
port [18]. For tree construction, sequences of different 
genes were utilized. Data sets containing sequences for 
alignments were prepared using BLASTp against the 
NCBI non-redundant protein sequences (nr) database 
with an expected threshold of 10− 3 [19]. Alignments were 
performed using the Muscle software 3.8.1551 [20]. The 
best-fit substitution models were selected using the Mod-
elFinder algorithm implemented in IQtree. Visualization 



Page 5 of 11Machado et al. Virology Journal          (2024) 21:135 

and editing of phylogenetic trees were carried out using 
iTOL.

Results
In this prospective study, covering all Brazilian biomes, 
a total of 67 amoeba-associated viruses were isolated 
(Fig. 2). These viruses induced rounding and lysis as cyto-
pathic effects in Acanthamoeba. Additionally, one of the 
isolates caused cell aggregation (Sup. Table 3). Only four 
isolates were obtained during the 1st passage, 11 isolates 
during the 2nd passage and the others (52) were detected 
during the 3rd passage of the prospecting procedures 
(Sup. Table 3). In addition, no isolates were obtained 
from the Amazon and Atlantic Ocean samples.

All isolates were first submitted to transmission elec-
tron microscopy (TEM) for identification (Figs. 2, 3 and 
4). Here we will describe the types of isolated viruses and 
the criteria we used to identify them by TEM:

− 1 Pandoravirus isolate, with its typical ovoid shape 
particle and approximately 1 μm in length. It presents an 
apical ostiole, serving as an entry point for interactions 
with host cells. Within the host cell’s cytoplasm, an elec-
tron-lucent viral factory is discernible, indicative of active 
viral replication and assembly processes taking place 
(Figs. 2 and 3F).

− 13 mimiviruses, in which the viral structure exhib-
its pseudo-icosahedral symmetry, with a diameter mea-
suring approximately 450  nm. Surrounding the capsid 
is a layer of fibrils, measuring approximately 125  nm in 
length. The capsid consists of multiple layers of protein. 
Enclosed within is an internal lipid membrane. Notably, 
the presence of the “stargate” feature. Within the host 
cell’s cytoplasm, an electron-dense viral factory is dis-
cernible, indicative of active viral replication and assem-
bly processes (Figs. 2, 3A and 4A).

− 26 marseilleviruses, with icosahedral symmetry, these 
viral particles have a diameter of 180–250 nm. They may 
be observed individually or clustered together, inside 
vesicles. Within the host cell’s cytoplasm, an electron-
luminous viral factory is evident, indicating active viral 
replication and assembly processes (Figs.  2, 3B and 4C 
and D).

− 24 pitho/cedrat-like viruses: The viral structure pres-
ents an ovoid shape, ranging from 600 nm to 1.5 μm in 
length. Its capsid is characterized by parallel vertical 
striations. Notably, one or two apical corks, also stri-
ated, can be observed. By electron microscopy, it is not 
possible to be sure if the isolate is a cedrat- or pithovi-
rus, because particles with one or two corks have already 
been described for both groups of viruses. Within the 

Fig. 2 Number and variety of viruses isolated during this study. A total of 67 isolates were obtained from Brazilian biomes
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host cell’s cytoplasm, an electron-luminous viral factory 
is noticeable, accompanied by the presence of electron-
dense amorphous structures, indicative of active viral 
replication and assembly processes (Figs. 2, 3D and E and 
4B).

− 3 yaraviruses: With icosahedral symmetry, the viral 
particles exhibit a diameter of approximately 80  nm. 
Within the host cell’s cytoplasm, the viral factory has two 
different areas: a granular, containing replicated genomic 
units; and an electron-lucent, containing empty capsids 
(Figs. 2, 3C and 4E).

Considering the identification of isolates by PCR, the 
viruses underwent reactions corresponding to all avail-
able targets, including Pandoravirus, mimivirus, Mar-
seillevirus, cedratvirus, pithovirus, and Yaravirus. PCR 
results corresponded with TEM identification for all 
isolates, comprising 1 Pandoravirus, 13 mimiviruses, 26 
marseilleviruses, 24 cedratviruses, and 3 yaraviruses. 
Therefore, the PCR indicated that all the isolates identi-
fied (Sup. Table 3) by TEM as pitho/cedrat-like viruses 
were, actually, cedratviruses.

Considering the increasing prevalence of giant virus 
prospective research in laboratories worldwide, we deem 
it pertinent and valuable to examine the relationships 
among variables such as substrates, biomes, and iso-
lates. However, it is important to note that this analysis 
is descriptive in nature. As previously mentioned, the 
representativeness of explored substrates and biomes 

may not be equivalent due to logistical and financial 
constraints.

New isolates were obtained from all types of samples 
tested (Fig. 5A). The largest quantity came from freshwa-
ter samples (45 isolates), which also exhibited the high-
est richness of isolated viral groups (at least 4 groups). 
From the less representative samples (soil and mud), only 
1 Marseillevirus was isolated from soil samples, while 3 
yaraviruses were obtained from mud samples. Saltwater 
and sewage samples yielded an equal number of isolates 
(9 isolates), but sewage samples showed greater richness 
of viral groups (3 groups) compared to saltwater samples 
(1 group).

The largest quantity of isolates was obtained from the 
Cerrado biome (30 new isolates), followed by the Atlantic 
Forest (24 isolates). However, the number of viral groups 
was the same for both (4 groups). From the Cerrado 
biome, isolates of Marseillevirus, mimivirus, Pandora-
virus, and cedratviruses were obtained, while from the 
Atlantic Forest biome, isolates of mimivirus, Marseille-
virus, cedratvirus, and Yaravirus were obtained (Fig. 5B).

In addition, representative viruses from each group 
were selected for genome sequencing to confirm their 
prior identification. For mimivirus, Pandoravirus, cedrat-
virus, and Marseillevirus, a phylogenetic tree was con-
structed using DNA polymerase, a common marker for 
giant virus phylogenetic analysis. In the case of Yaravirus, 
the major capsid protein (MCP) gene was utilized for tree 

Fig. 3 Transmission electron microscopy of isolated viral particles. (A) Mimivirus particles exhibiting its surface fibrils. (B) Marseillevirus particles with their 
typical icosahedral symmetry. (C) Yaravirus particles attached to the Acanthamoeba castellanii plasma membrane. (D) Cedratvirus particle with a single 
cork. (E) Cedratvirus particle with two corks. (F) Oval-shaped Pandoravirus particle, with its typical ostiole
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construction. The results indicate that the previous iden-
tification of the isolates through TEM and PCR aligns 
with phylogenetic analysis, confirming the identification 
of the viruses (Fig. 6).

Discussion
The remarkable biodiversity of organisms in Brazilian 
natural and urban environments pose questions and sup-
ports virology studies employing a prospecting approach 
as employed in this study. Consequently, the ongoing 
isolation and characterization of giant viruses may con-
tribute to the understanding of their ecological roles, 
evolutionary dynamics, and potential impact on host 
populations and ecosystems. In this sense, obtaining sev-
eral environmental samples from different biomes, col-
lected over a span of 11 years yielded a total of 67 new 
isolates belonging to at least five distinct viral groups, 
including Pandoravirus, mimivirus, Marseillevirus, 

cedratvirus, and Yaravirus. Over time, other prospect-
ing studies on amoebal viruses were also performed in 
Brazilian biomes. Dornas et al. (2015) and Andrade et al. 
(2019) described the isolation of different types of Acan-
thamoeba-infecting giant viruses. However, in contrast to 
the present study, mimivirus was previously the most fre-
quently isolated virus.

Information on the distribution patterns of isolated 
viruses across different biomes and sample types may be 
useful for future prospecting studies. Despite logistical 
and financial constraints, our study successfully captured 
the diversity of giant virus diversity present in Brazilian 
environments in a span of 11 years of research. However, 
it is important to acknowledge the limitations of our sam-
pling approach, particularly regarding the representative-
ness of explored substrates and biomes. Future studies 
should aim to address these limitations and further 

Fig. 4 Transmission electron microscopy of Acanthamoeba castellaniicells infected by different viral isolates. (A and B) Mimivirus spherical electron-
dense viral factory with particles under morphogenesis. VF – viral factory. (C) Cedratvirus viral factory. In the center, an amorphous structure that likely is 
related to the tegument morphogenesis. (D) Yaravirus viral factory. At top-left, genomic granular area. It is possible to visualize a particle at bottom-right
(E) Marseillevirus electron-lucent viral factory. It is possible to visualize viral particles in different stages of morphogenesis. (F) A Marseillevirus giant vesicle 
containing dozens of viral particles
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Fig. 5 Isolates, samples and biomes. (A) Quantity and representativeness of each viral group isolated within each type of sample (substrate). The greatest 
variety of viral groups was obtained in freshwater. (B) Quantity and representativeness of each viral group isolated within each biome. The greatest variety 
of viral groups was obtained in Cerrado samples
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Fig. 6 Maximum likelihood phylogenetic trees constructed with amino acid sequences from the DNA polymerase subunit B (mimivirus, Pandoravirus, 
Marseillevirus and cedratvirus) and the major capsid protein (Yaravirus). The new isolates described here are red highlighted. The scale bar indicates the 
genetic distance
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explore the ecological factors driving the distribution and 
diversity of giant viruses in Brazil and beyond.

Importantly, to an extended overview of such remark-
able viral entities, our results suggest that morphologi-
cal identification by TEM was effective in distinguishing 
between different viral groups. However, distinguishing 
between cedratviruses and pithoviruses proved chal-
lenging due to their strikingly similar characteristics. 
Therefore, additional PCR analysis or genome sequenc-
ing proved necessary to resolve identification ambi-
guities for these viruses. Last, phylogenetic analysis of 
representative viruses from each group further validated 
their taxonomic classification and evolutionary relation-
ships. In conclusion, by combining such approaches we 
have expanded our understanding of the distribution of 
the giant viruses in Brazilian biomes. It is important to 
mention that some of the viral isolates described here 
have already undergone genomic and biological charac-
terization [15, 21, 22]. This underscores the significance 
of prospecting studies as the initial step in knowledge 
construction.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12985-024-02404-z.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Acknowledgements
We thank the Virus Laboratory of the Federal University of Minas Gerais for all 
the support provided. We also thank the UFMG Microscopy Center, especially 
the technicians Denilson Cunha, Rodrigo Ferreira, Altair Mendes, Thalita 
Arantes, Marilene Oliveira and Breno Moreira, who collaborated from the 
preparation to the sample observation session. We are also grateful to each 
of the people who contributed to this work by donating samples: Adriana, 
Bet?nia, Edney, Natalia, Paula, Paulo, Poliana, Ivan, Isabela, Juliana, Severino, 
Silvana, Thalita. The text was revised using artificial intelligence (OpenAI - 
ChatGPT). All authors approved the final manuscript.

Author contributions
JSA and ACSPA designed and supervised the work. LSU and JPAJ sequenced 
the viral genomes. TBM, ILMA, BLA, MSS, MGB, performed experiments. AOC 
provided cells and assist on quality control. TBM, JSA, ER and LHR collected 
environmental samples. All authors reviewed the manuscript.

Funding
We would like to thank the Conselho Nacional de Desenvolvimento Científico 
e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior (CAPES), Fundação de Amparo à Pesquisa do Estado de Minas Gerais 
(FAPEMIG), and Pró-Reitorias de Pesquisa e Pós-Graduação da UFMG (PRPG-
UFMG) for the financial support. JPAJ, LHR and JSA are CNPq researchers.

Data availability
Viral sequences are available at Genbank under the accession numbers 
MT293574, OR343515, OR991738, MK131393.

Declarations

Ethical approval
The collections were carried out with authorization from the Biodiversity 
Authorization and Information System (SISBIO) under the identification 
numbers: 33326-2 and 34293-2; and SISGEN: A2291C9.

Sequencing data
Viral sequences are available at Genbank under the accession numbers 
MT293574, OR343515, OR991738, MK131393.

Competing interests
The authors declare no competing interests.

Received: 14 May 2024 / Accepted: 3 June 2024

References
1. Scola BL, Audic S, Robert C, Jungang L, de Lamballerie X, Drancourt M, Birtles 

R, Claverie J-M, Raoult D. A giant virus in Amoebae. Science. 2003;299:2033–
2033. https://doi.org/10.1126/science.1081867

2. Dornas FP, Khalil JYB, Pagnier I, Raoult D, Abrahão J, La Scola B. Isolation of 
New Brazilian giant viruses from environmental samples using a Panel of 
Protozoa. Front Microbiol. 2015;6. https://doi.org/10.3389/fmicb.2015.01086

3. Andrade AC, dos Arantes SP, Rodrigues TS, Machado RAL, Dornas TB, Landell 
FP, Furst MF, Borges C, Dutra LGA, Almeida LAL. Ubiquitous giants: a plethora 
of giant viruses found in Brazil and Antarctica. Virol J. 2018;15. https://doi.
org/10.1186/s12985-018-0930-x

4. Mihara T, Koyano H, Hingamp P, Grimsley N, Goto S, Ogata H. Taxon Rich-
ness of Megaviridae exceeds those of Bacteria and Archaea in the Ocean. 
Microbes Environ. 2018;33:162–71. https://doi.org/10.1264/jsme2.ME17203

5. Silva LKDS, Andrade ACDSP, Dornas FP, Rodrigues RAL, Arantes T, Kroon 
EG, Bonjardim CA, Abrahão JS. Cedratvirus getuliensis replication cycle: 
an in-depth morphological analysis. Sci Rep. 2018;8(1):4000. https://doi.
org/10.1038/s41598-018-22398-3. PMID: 29507337; PMCID: PMC5838162.

6. Kerepesi C, Grolmusz V. Giant viruses of the Kutch Desert. Arch Virol. 
2016;161:721–4. https://doi.org/10.1007/s00705-015-2720-8

7. Kerepesi C, Grolmusz V. The Giant Virus Finder discovers an abundance of 
Giant viruses in the Antarctic Dry Valleys. Arch Virol. 2017;162:1671–6. https://
doi.org/10.1007/s00705-017-3286-4

8. Schulz F, Alteio L, Goudeau D, Ryan EM, Yu FB, Malmstrom RR, Blanchard J, 
Woyke T. Hidden diversity of Soil Giant viruses. Nat Commun. 2018;9:4881. 
https://doi.org/10.1038/s41467-018-07335-2

9. Campos RK, Boratto PV, Assis FL, Aguiar ER, Silva LC, Albarnaz JD, Dornas FP, 
Trindade GS, Ferreira PP, Marques JT, Robert C, Raoult D, Kroon EG, La Scola B, 
Abrahão JS. Samba virus: a novel mimivirus from a giant rain forest, the Brazil-
ian Amazon. Virol J. 2014. https://doi.org/10.1186/1743-422X-11-95. PMID: 
24886672; PMCID: PMC4113263.

10. Legendre M, Lartigue A, Bertaux L, Jeudy S, Bartoli J, Lescot M, Alempic J-M, 
Ramus C, Bruley C, Labadie K, etal, et al. In-Depth study of Mollivirus Siberi-
cum, a New 30,000-y-Old giant virus infecting Acanthamoeba. Proc Natl Acad 
Sci. 2015;112:E5327–35. https://doi.org/10.1073/pnas.1510795112

11. Abrahão J, Silva L, Silva LS, Khalil JYB, Rodrigues R, Arantes T, Assis F, Boratto 
P, Andrade M, Kroon EG, et al. Tailed giant Tupanvirus possesses the most 
complete translational apparatus of the known Virosphere. Nat Commun. 
2018;9. https://doi.org/10.1038/s41467-018-03168-1

12. Yoshikawa G, Blanc-Mathieu R, Song C, Kayama Y, Mochizuki T, Murata K, 
Ogata H, Takemura M. Medusavirus, a Novel large DNA virus discovered from 
Hot Spring Water. J Virol. 2019;93. https://doi.org/10.1128/jvi.02130-18

13. Boratto PVM, Serafim MSM, Witt ASA, Crispim APC, Azevedo BL. A brief his-
tory of giant viruses’ studies in Brazilian biomes. Viruses. 2022;14:191. https://
doi.org/10.3390/v14020191. MachadoT.B.deQueiroz, V.F.; Rodrigues, R.A.L.; et 
al.

14. Azevedo ALM, dos S. April. IBGE - Educa | Jovens Available online: https://
educa.ibge.gov.br/jovens/conheca-o-brasil/territorio/18307-biomas-
brasileiros.html (accessed on 11 2024).

15. Boratto PVM, Oliveira GP, Machado TB, Andrade ACSP, Baudoin J-P, Klose 
T, Schulz F, Azza S, Decloquement P, Chabrière E, et al. Yaravirus: a novel 
80-Nm virus infecting Acanthamoeba Castellanii. Proc Natl Acad Sci. 
2020;117:16579–86. https://doi.org/10.1073/pnas.2001637117

https://doi.org/10.1186/s12985-024-02404-z
https://doi.org/10.1186/s12985-024-02404-z
https://doi.org/10.1126/science.1081867
https://doi.org/10.3389/fmicb.2015.01086
https://doi.org/10.1186/s12985-018-0930-x
https://doi.org/10.1186/s12985-018-0930-x
https://doi.org/10.1264/jsme2.ME17203
https://doi.org/10.1038/s41598-018-22398-3
https://doi.org/10.1038/s41598-018-22398-3
https://doi.org/10.1007/s00705-015-2720-8
https://doi.org/10.1007/s00705-017-3286-4
https://doi.org/10.1007/s00705-017-3286-4
https://doi.org/10.1038/s41467-018-07335-2
https://doi.org/10.1186/1743-422X-11-95
https://doi.org/10.1073/pnas.1510795112
https://doi.org/10.1038/s41467-018-03168-1
https://doi.org/10.1128/jvi.02130-18
https://doi.org/10.3390/v14020191
https://doi.org/10.3390/v14020191
https://educa.ibge.gov.br/jovens/conheca-o-brasil/territorio/18307-biomas-brasileiros.html
https://educa.ibge.gov.br/jovens/conheca-o-brasil/territorio/18307-biomas-brasileiros.html
https://educa.ibge.gov.br/jovens/conheca-o-brasil/territorio/18307-biomas-brasileiros.html
https://doi.org/10.1073/pnas.2001637117


Page 11 of 11Machado et al. Virology Journal          (2024) 21:135 

16. Machado TB, de Aquino ILM, Abrahão JS. Isolation of Giant viruses of 
Acanthamoeba Castellanii. Curr Protoc. 2022;2:e455. https://doi.org/10.1002/
cpz1.455

17. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM, 
Nikolenko SI, Pham S, Prjibelski AD, et al. SPAdes: a New Genome Assembly 
Algorithm and its applications to single-cell sequencing. J Comput Biol. 
2012;19:455–77. https://doi.org/10.1089/cmb.2012.0021

18. Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von 
Haeseler A, Lanfear R. IQ-TREE 2: New models and efficient methods for 
phylogenetic inference in the genomic era. Mol Biol Evol. 2020;37:1530–4. 
https://doi.org/10.1093/molbev/msaa015

19. Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, Say-
ers EW, GenBank. Nucleic Acids Res. 2013;41:D36–42. https://doi.org/10.1093/
nar/gks1195

20. Edgar RC, MUSCLE. Multiple sequence alignment with high accuracy and 
high throughput. Nucleic Acids Res. 2004;32:1792–7. https://doi.org/10.1093/
nar/gkh340

21. Machado TB, Picorelli ACR, de Azevedo BL, de Aquino ILM, Queiroz VF, 
Rodrigues RAL, Araújo JP Jr, Ullmann LS, Dos Santos TM, Marques RE, Gui-
marães SL, Andrade ACSP, Gularte JS, Demoliner M, Filippi M, Pereira VMAG, 
Spilki FR, Krupovic M, Aylward FO, Del-Bem L-E, Abrahão JS. Gene duplication 
as a major force driving the genome expansion in some giant viruses. J Virol. 
2023 Dec 21;97(12):e0130923. https://doi.org/10.1128/jvi.01309-23

22. Pereira Andrade ACDS, Victor de Miranda Boratto P, Rodrigues RAL, Bastos 
TM, Azevedo BL, Dornas FP, Oliveira DB, Drumond BP, Kroon EG, Abrahão 
JS. New isolates of pandoraviruses: Contribution to the study of replication 
cycle steps. J Virol 2019 Feb 19;93(5):e01942–18. https://doi.org/10.1128/
JVI.01942-18

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1002/cpz1.455
https://doi.org/10.1002/cpz1.455
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1128/jvi.01309-23
https://doi.org/10.1128/JVI.01942-18
https://doi.org/10.1128/JVI.01942-18

	A long-term prospecting study on giant viruses in terrestrial and marine Brazilian biomes
	Abstract
	Introduction
	Materials and methods
	Cells and medium
	Samples collection
	Prospection of giant viruses in Acanthamoeba castellanii
	Transmission electron microscopy
	PCR identification and sequencing
	Phylogenetic analyses

	Results
	Discussion
	References


