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Sporothrix brasiliensis genetic toolbox 

Abstract 

Sporotrichosis is the world's most prevalent and distributed subcutaneous mycosis. S. brasiliensis 

species is reported as the most virulent species, exhibiting the worst clinical manifestations, but the 

infection and virulence mechanisms of Sporothrix spp. still lack clarification. During the last years, the 

genome of several species has been fully sequenced, and the data is available in open access resources. 

However, this genomic knowledge has not been accompanied by reverse genetics tools, which could 

contribute to decoding gene functions. This present work focuses on creating a genetic toolbox, allowing 

the development of a set of transformants that can ultimately be used in future studies to unravel the 

poorly understood virulence mechanisms of S. brasiliensis. For that, we tested a CRIPR/Cas9 system for S. 

brasiliensis, however our results suggest that the TEF1-α promoter, present in the plasmid used, 

pPTS608, engineered for Aspergillus spp., does not express the CRISPR/Cas9 machinery in the S. 

brasiliensis biological system. Therefore, our work moved to evaluating the usefulness of different promoters 

and develop a set of S. brasiliensis transformants. Our results show that the expression promoted by the GAPDH 

promoter led to a high genetic and constitutive expression of fluorescence proteins in S. brasiliensis transformants. 

Thus, we developed a set of plasmids for cloning with the GAPDH or H2A promoter driving the expression of 

fluorescent proteins (GFP and mCherry). These plasmids allow the cloning of any gene for expression in an N-

terminal in-frame fusion with red or green fluorescent proteins. Accordingly, S. brasiliensis transformants show 

bright fluorescence localized in the nucleus when an in-frame fusion was made with the endogenous histone H2A, 

indicating the suitability of these plasmids for gene cloning and in-fusion fluorescent proteins. Together, our results 

confirm the success in constructing easy-to-edit plasmid protocol's and the creation of a set of S. brasiliensis 

transformants through the Agrobacterium tumefaciens-Mediated Transformation (ATMT). This genetic toolbox can 

be used in the future in order to elucidate the poorly understood virulence mechanisms of S. brasiliensis.  

 

Key-words: Sporothrix brasiliensis, CRISPR/Cas9, fluorescent-proteins, plasmid. 
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Sporothrix brasiliensis caixa de ferramentas genéticas 

Resumo 

A esporotricose é a micose subcutânea mais prevalente e distribuída no mundo. A espécie S. brasiliensis 

é descrita como sendo a mais virulenta, estando associada com manifestações clínicas mais severas, 

contudo, os mecanismos subjacentes à infeção e virulência de Sporothrix spp. ainda carecem de 

clarificação. Durante os últimos anos, o genoma de várias espécies de Sporothrix foi totalmente 

sequenciado e os dados estão disponíveis em recursos de acesso aberto. Em contraste, esse 

conhecimento genómico não foi acompanhado pelo desenvolvimento de ferramentas de genética reversa, 

que poderiam contribuir para a decodificação das funções dos genes. O presente trabalho focou-se na 

criação de uma caixa de ferramentas genéticas, permitindo a criação de uma biblioteca de 

transformantes que podem ser usados no futuro em estudos com o objetivo de desvendar os mecanismos 

pouco conhecidos de virulência do S. brasiliensis. Para tal, testamos um sistema CRIPR/Cas9 para S. 

brasiliensis. Contudo, os nossos resultados sugerem que o promotor TEF1-α, presente no plasmídeo 

utilizado, pPTS608, desenhado para Aspergillus spp., não é capaz de expressar a maquinaria 

CRISPR/Cas9 no sistema biológico de S. brasiliensis. Neste sentido, o nosso trabalho focou-se na 

avaliação do potencial de diferentes promotores e no desenvolvimento de um conjunto de transformantes 

de S. brasiliensis. Os nossos resultados mostram que a expressão induzida pelo promotor GAPDH 

resultou numa alta e constitutiva expressão genética de proteínas de fluorescência em transformantes 

de S. brasiliensis. Assim, desenvolvemos um conjunto de plasmídeos para clonagem com o promotor 

GAPDH ou H2A para a expressão de proteínas fluorescentes (GFP e mCherry). Estes plasmídeos 

permitem a clonagem de qualquer gene para expressão em fusão N-terminal in-frame com proteínas 

fluorescentes vermelhas ou verdes. Os transformantes de S. brasiliensis apresentam fluorescência 

localizada no núcleo quando a fusão in-frame foi feita com a histona endógena H2A, demonstrando a 

utilidade desses plasmídeos para clonagem de genes e proteínas fluorescentes em fusão. Em soma, os 

nossos resultados confirmam o sucesso na elaboração de protocolos para a construção de plasmídeos 

fáceis de editar e na criação de um conjunto de transformantes de S. brasiliensis através da 

Transformação Mediada por Agrobacterium tumefaciens (ATMT). A criação desta caixa de ferramentas 

genéticas, irá permitir no futuro elucidar os mecanismos de virulência pouco conhecidos do S. 

brasiliensis. 

 

Palavras-chave: Sporothrix brasiliensis, CRISPR/Cas9, proteínas-fluorescentes, plasmídeos. 
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Sporotrichosis is an acute or chronic granulomatous mycosis with a wide geographic distribution 

and the most prevalent subcutaneous mycosis worldwide (1,2). This disease has become a public health 

concern that will likely worsen in the future. It is currently a hyperendemic disease in countries like China, 

Mexico, Brazil, Peru, Venezuela, Colombia, and South Africa (1,3–5). The disease incidence and 

etiological agent vary according to geographic region, primarily based on case report observations (2). 

The sporotrichosis etiologic agents are fungi present in the pathogenic clade of the Sporothrix genus (1,6), 

where S. brasiliensis species is reported as the most virulent, exhibiting the worst clinical manifestations 

(7,8).  

Until the mid-1990s, feline sporotrichosis in Brazil appeared only as sporadic, self-limiting 

clusters. However, over the last decades, the sporotrichosis epidemiological scenario changed drastically 

in Brazil, becoming the most endemic country in the world (1,3). Nowadays, feline sporotrichosis caused 

by S. brasiliensis has led to a large epidemic with zoonotic transmission in Brazil, becoming the principal 

etiological agent of feline and human sporotrichosis in the region (1,8–10). Cats play an essential role in 

the S. brasiliensis infection. They are highly susceptible to sporotrichosis and can easily transmit their 

disease to felines and humans through bites and scratches (3,11).  

Despite the increasing incidence of sporotrichosis, it is unclear which virulence traits are involved 

in this disease's establishment, development, and severity. Therefore, the development of genetic 

engineering techniques for S. brasiliensis transformation, such as CRISPR/Cas9 and ATMT, are urgently 

needed to create a mutant's library to understand the association of specific genes and functions and 

unravel this microorganism pathophysiology. 

Sporothrix genus and sporotrichosis 

Sporotrichosis' first report was in 1898 by the medical student Benjamin Schenck (12), and today 

is the world's most prevalent and dispersed subcutaneous mycosis (5). This disease is endemic and 

caused by fungus from the Sporothrix genus, which is prevalent worldwide in tropical and subtropical 

areas (9), affecting immunocompetent (13) and immunodeficient hosts (14). The sporotrichosis 

etiological agents belong to the Sporothrix genus inside the Ophiostomatales order, generally associated 

with non-pathogenic environmental fungi strongly related to decaying wood, plants, and soil (15). 

However, members of this genus are successful thermally dimorphic mammalian pathogens and the 

causative agents of human and animal sporotrichosis (1,3,10,15). The mechanisms responsible for this 

are still poorly described (8).  
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This infection usually occur from transcutaneous trauma through the entry of fungal conidia into 

the host, either through contaminated plant material or through bites or scratches from cats with 

sporotrichosis (16). Once in the inoculation site, the fungi promote a skin lesion and an ulcerated nodule. 

The infection eventually spreads to other host organs, through the lymphatic system, causing the 

disseminated version of the disease with severe complications (2,17). The infections may progress into 

chronic cutaneous, subcutaneous, or even deeper conditions involving the lymphatics, fascia, muscles, 

cartilage, and bones (2). 

Since its discovery over a century ago, sporotrichosis has been exclusively attributed to a single 

species, Sporothrix schenckii. However, the development of advanced phylogenetic molecular techniques 

in the last decade highlighted the role of other species as causative agents of sporotrichosis (7). Further 

studies showed significant differences in morphological, physiological, genetic, epidemiological, virulence 

traits, and antifungal susceptibility among Sporothrix species. (7,18–24). These discoveries resulted in a 

division of the Sporothrix genus into two clades. Species inside the Sporothrix environmental clade are 

generally associated with an ecological transmission route and the sapronoses form of sporotrichosis  

(1,8). Inside the pathogenic clade, species are clinically relevant successful mammal pathogens, such as 

Sporothrix schenckii, Sporothrix brasiliensis, Sporothrix globosa, and Sporothrix luriei (15,16,25).  

The etiological agents of sporotrichosis are categorized as ascomycetous thermally dimorphic 

fungi. They are abundant in the environment on substrates such as living and decaying vegetation, animal 

droppings, and soil (9,26). They also require a temperature of 22-27 °C, 90% humidity, soil rich in 

cellulose, and a pH between 3.5 and 9.4 to grow as sessile dematiaceous conidia together with hyaline 

sympodial conidia in their filamentous form (Figure 1A) (9,26). After traumatic inoculation, the fungi 

transit to the parasitic yeast form, growing as cigar-shaped yeast-like cells at 37 °C while infecting 

mammals (Figure 1B) (2,8). The success of Sporothrix infection in mammals lies in its ability to change 

from a saprophytic mycelial lifestyle in the environment to a parasitic yeast cell at an elevated temperature 

(15). Accordingly, how efficient this morphological transition occurs, and consequently the fungi 

pathogenicity, varies for each Sporothrix species and strain (8,19,25).  
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A 

 

B 

 

Figure 1. Sporothrix spp. thermally dimorphic in microscopy. (A) Saprophytic morphology. 

Image shows a hyaline septate hypha, conidiophore that originates hyaline conidia in a bouquet 

arrangement. The sample was stained with cotton blue and magnified x400 in microscopy. Image from 

Orofino-Costa et al., 2017. (B) Smear from an ulcerated cat lesion, evidencing the presence of the 

Sporothrix spp. in its yeast-like form inside host cells. The smear was stained with panoptic staining and 

magnified 100x in microscopy—image from Sykes & Greene, 2011. 

 

Several mammals are prone to sporotrichosis, such as humans, dogs, cats, mice, rats, 

chimpanzees, fishes, dolphins, and parrots (4,9). Although human sporotrichosis has a broad range of 

clinical manifestations, it can be classified into four types: fixed cutaneous, lymphocutaneous, 

disseminated cutaneous, and extracutaneous sporotrichosis (27). Itraconazole is the most used and 

recommended antifungal in treating sporotrichosis. However, resistance cases have already been 

reported (28) and are now considered an emerging health problem (29). 

Sporotrichosis epidemiology 

Sporotrichosis is not a mandatory notifiable disease in most regions, and its incidence is primarily 

based on case report documentation, while the actual prevalence is unknown (2,9). Nevertheless, this 

disease has been reported in the United States, South America (Brazil, Colombia, Guatemala, Mexico, 

Peru), Asia (China, India, Japan), and Australia (2,9) is currently a hyperendemic disease in regions of 

countries like China, Mexico, Brazil, Peru, Venezuela, Colombia, and South Africa (1,3–5). 

The distribution of Sporothrix species is worldwide (Figure 2), especially in tropical and temperate 

climates (10). In most areas, more than 80% of cases are caused by a single predominant species, for 

example, Asia: S. globosa (99.3%); Australia and South Africa: S. schenckii (94%); south-eastern South 

America: S. brasiliensis (88%); and western South and Central America and North America: S. schenckii 
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(89%) (15). Except for a unique outbreak at the beginning of the nineteenth century in France, 

Sporotrichosis is less prevalent in Europe (3).  

 

Figure 2. Recent global distribution of Sporothrix spp. from the pathogenic (S. brasiliensis, 

S. schenckii, and S. globosa) and the environmental clade of the Sporothrix species. S. 

schenckii has almost worldwide distribution, while S. brasiliensis is restricted to the South and Southeast 

of Brazil. S. globosa is found less frequently in the Americas and Europe but is an emerging species in 

Asia. Sporotrichosis caused by the environmental clade is less frequent but spreads worldwide. Image 

adapted from Rodrigues et al., 2020. 

 

Clinical sporotrichosis in mammals results primarily from either animal transmission (zoonoses) 

or plant origin (sapronoses). Until the mid-1990s in Brazil, sporotrichosis was a rare sapronoses caused 

by S. schenckii that appeared only in sporadic, self-limiting clusters. It was an occupational disease that 

occurred when workers were exposed to a high incidence of injuries with contaminated materials, like the 

rest of the world (30). In the last decades, however, feline sporotrichosis caused by S. brasiliensis has 

led to a large epidemic with the zoonotic transmission in Brazil, becoming the leading etiological agent of 
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feline and human sporotrichosis in the region (1,8–10). Nowadays, Brazil is the world's sporotrichosis 

epicenter, and cases of human sporotrichosis occur in 25 of the 26 Brazilian states. Zoonotic 

sporotrichosis cases, stated in Brazil's southeast states, have been expanding rapidly toward the northeast 

regions in recent years. This results directly from the feline sporotrichosis epizootic (1), as illustrated in 

Figure 3, and a brief timeline of key events of human and animal sporotrichosis is present in Figure 4. 

Cats play an essential role in the sporotrichosis epidemic in Brazil. They are very susceptible to 

the disease, and deep scratching and biting make it highly transmissible to felines and humans (29). 

Furthermore, treatment of feline sporotrichosis is challenging to the patient, owner, and veterinarian, 

requiring a long period of daily care, cooperation, persistence, and use of itraconazole in high dosages. 

The population's poor socioeconomic background and scarce access to human and veterinary health 

services also worsen the current state of this ongoing epidemic in Brazil (9,15,21). Treatment 

abandonment is frequent due to the treatment and the long-during struggle to keep infected cats isolated 

and confined, administrate oral medications, and transport them to the clinic (31,32). Additionally, since 

factors such as the non-visualization of skin lesions and systemic involvement may lead to misperception 

of cure, there is a risk of disease recurrence if treatment is discontinued before the therapeutic protocol 

established by the veterinarian (31). 

 

 

Figure 3. Brazil's geographic distribution of human and feline sporotrichosis in recent 

years: (A) Cases of human sporotrichosis have been reported in 25 of 26 Brazilian states, with 

significant differences in frequency. (B) Brazil's South and Southeast states show the world's largest 
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epizootic feline sporotrichosis. The zoonotic sporotrichosis driven by S. brasiliensis is expanding rapidly 

in Northeast Brazil. Image from Rodrigues et al., 2020. 

 

 

Figure 4. Timeline of key events of human and animal sporotrichosis. In recent decades 

(1998–2020), S. brasiliensis emerged as the primary agent during feline sporotrichosis epizootic and 

zoonotic transmission in southern and south-eastern Brazil. Image from Rodrigues et al., 2020. 

 

In 2011, 4,100 cases in humans and 3,800 cases in cats were treated in only one institution 

Fundação Oswaldo Cruz (10), in Rio de Janeiro. For this reason, in recent years, sporotrichosis has been 

considered an insidious disease in the state of Rio de Janeiro, Brazil (33,34), where S. brasiliensis was 

confirmed as the most prevalent species after phenotypic analysis of 247 samples collected (10). Similar 

epidemics are occurring in the states of São Paulo and Rio Grande do Sul (8). However, the actual 

prevalence of the disease is undoubtedly underestimated, mainly due to the absence of data from stray 

feline cases. Even though sporotrichosis has become a mandatory notifiable disease in some Brazilian 
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states like Minas Gerais, the information about contact with sick animals is still disregarded (35). Urban 

areas with high feline population densities seem important drivers of epizootics S. brasiliensis 

transmission. The epidemiological profile group usually is people with poor socioeconomic conditions with 

direct and frequent contact with these animals, namely children, the elderly, and women. Outside urban 

areas, the classical sapronoses transmission type prevails (8,36). Sporotrichosis has become a public 

health problem in Brazil, threatening animal owners and veterinarians (1). The fight against sporotrichosis 

requires the engagement of human and animal health policies to reduce the transmission chain of 

Sporothrix (15). Also, public actions to promote the availability of free veterinary services and antifungal 

treatment for the pet population, as well as better programs for control of wandering animals and correct 

destination of animals that come to death due to sporotrichosis, would improve disease control (37). 

Cytopathological examination or other preliminary diagnostic tests with good sensibility can also be helpful 

since early feline sporotrichosis treatment contributes to disease control in the community (38). 

In addition to the epidemic associated with cats in Brazil, a variety of other animals have been 

identified as contributing to sporotrichosis in humans and others that may suffer from this disease, 

especially mammals (39). In Rio de Janeiro, the free provision of public veterinary services and drug 

supplies is limited to Clinical Research Institute Evandro Chagas (Instituto de Pesquisa Clínica Evandro 

Chagas - IPEC), which is unable to meet the demand for all cases (40). Unfortunately, even with free 

clinical and laboratory evaluations, treatment abandonment happens with high incidence in feline 

sporotrichosis cases and may represent a problem in controlling this disease (40). Despite all efforts, 

until this day, there is no immunoprophylaxis or immunotherapy available to humans or cats against 

Sporothrix spp (41). 

Lastly, there is a possibility that an increased virulence of S. brasiliensis may be a factor 

contributing to the sporotrichosis outbreak in Brazil. Experimental models have been used to investigate 

and bring attention to differences in pathology and virulence factors, where S. brasiliensis usually display 

a higher fungal burden, invasiveness, and extensive tissue damage compared to others (15).  

Genetic engineering tools 

Cell transformation occurs when exogenous DNA is incorporated into a cell. It is an essential tool 

to link genes to functions and, consequently, better understand one microorganism's pathophysiology 

(42). Protoplast-mediated transformation (PMT) is the most common method to transform fungi. 

However, creating a fungi protoplast requires the removal of its cell wall, whose composition varies 

between fungi species. Consequently, this technique becomes laborious, which involves standardization 
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and optimization for the cell wall removal protocol for each fungal species used (43). Since then, other 

less harsh genetic engineering techniques have been discovered and standardized in several fungi 

species. The Agrobacterium tumefaciens-mediated transformation (ATMT) technique removes this 

process altogether since the desired gene sequence can also be inserted into intact cells (44), thus 

avoiding the laborious protoplasts preparation process. 

Agrobacterium tumefaciens-mediated transformation 

Agrobacterium tumefaciens is a phytopathogenic gram-negative bacterium used in several 

research fields (45). Naturally, the T-DNA inside the Ti plasmid of the bacterium encodes enzymes that 

influence the production of plant growth regulators, resulting in crown gall disease among most of the 

plant families inside the plant kingdom (46,47). With the manipulation of its Ti plasmid, this species 

became a central genetic tool in diverse fields of biological and biotechnological research (45).  

ATMT was first designed as a genetic engineering technique to randomly insert the desired DNA 

sequence into the genome of plants (48). However, under laboratory conditions, the Agrobacterium range 

of eukaryotic organisms became much broader (48), transforming yeasts, filamentous fungi, cultivated 

mushrooms, cultured human cells, and even Sporothrix schenckii (49–54). Although the use of this 

technique in S. brasiliensis is scarce (55), it has been standardized in our laboratory by collaborators. 

Plasmids containing the desired T-DNA are constructed and inserted into the A. tumefaciens, 

which then insert this portion of DNA into the host's genome, as schematized in Figure 5. The T-DNA is 

often inserted in fungi by homologous recombination, allowing for targeted integration of the foreign DNA 

if it shares sequence homology with the host genome. This provides genomic tools for insertional 

mutagenesis or specific gene replacement (48). Moreover, the non-sequence-specific way Agrobacterium 

integrates its T-DNA within the host genome produces many transformants when transforming intact cells, 

such as conidia, mycelium, and yeasts (51). This technique has already been standardized in several 

thermally dimorphic fungi (56–62), including Sporothrix schenckii (49–51). However, the use of this 

technique in S. brasiliensis is scarce (55). ATMT provided new insights into fungal pathogenesis, 

pigmentation, sporulation, and antibiotic resistance (51) and can also help enlighten the virulence 

mechanisms of S. brasiliensis. 
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Figure 5. The schematization of the ATMT technique in plants. 

CRISPR/Cas9 

The clustered regularly interspaced short palindromic repeats (CRISPR)/Cas systems were 

discovered as a bacterial and archaeal endogenous immune/defense mechanism against invading 

viruses, in addition to other unrelated functions, such as gene regulation (63). There is a great natural 

diversity of CRISPR/Cas systems in archaeal and bacterial systems, with several target preferences 

according to the type of proteins and RNA components. The system can target only DNA, RNA, or both 

the DNA and RNA (64–66). During the last years, however, this natural system has been applied to 

different organisms, from bacteria to human cells, to target genomes aiming for gene editions (67). 

CRISPR/Cas9 system is an easy and efficient programable genome editing tool capable of modifying 

genes in a broad spectrum of cell types (68), such as cancer cells (69) and fungal pathogens (67,70). 

The CRISPR-Cas9 system has two components, the Cas9 nuclease and a single chimeric guide 

RNA (sgRNA), which guides the nuclease protein to the locus of interest by base pairing, generating a 

double-stranded DNA break (67,70). The continuous cleavage of the DNA by the targeted Cas9 nuclease 

will ultimately promote small base insertions or deletions by the host nonhomologous end joining repair 

system, generating a loss of gene function through the synthesis of frameshifted nonsense proteins (70), 

as exemplified in Figure 6. 
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Figure 6. CRISPR/Cas9 Gene editing model. 

 

Recently, the emergence of the CRISPR/Cas systems has become a pillar of experimental biology 

with a convenient implementation, high mutation efficiency, and great potential for therapeutic 

applications (71). However, since the off-targeted system can result in cell toxicity, further studies and 

optimizations for each biological system are required (72). Although off-target after CRISPR-Cas9 

mutagenesis may not be a big problem for filamentous fungi, it is still advisable to keep cas9 and sgRNA 

expression to a minimum (67). The CRISPR/Cas9 system has already been applied in several fungi, such 

as Aspergillus spp., Candida spp., and Saccharomyces cerevisiae (73–76).  

Fluorescent Proteins 

The limited repertoire of genetic manipulation tools for the Sporothrix genus still limits research 

in S. brasiliensis pathophysiology (77,78). Autofluorescence is the natural emission of light by biological 

structures arising from endogenous fluorophores, primarily from mitochondria and lysosomes when 

excited by UV/Vis radiation of a suitable wavelength (79).  

Fluorescent proteins emit light far beyond the intensity of endogenous cellular fluorophores. When 

used, they essentially provide a 'fluorescent tag' on a desired protein or structure, making it possible to 

probe its location, activity, or interaction with other molecules from a subcellular to a multicellular scale 

(80,81). Consequently, fluorescent proteins are a powerful and convenient tool that assists research and 
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experimentation with intact living cells and organisms in several biological fields (82,83). Their use has 

already been reported on a broad spectrum of cells like protozoa, fungi, plants, animals, and viruses (84–

88). 

Green fluorescent protein (GFP), discovered in the bioluminescent jellyfish Aequorea victoria, can 

be expressed in either eukaryotic or prokaryotic cells. It emits a bright green fluorescence easily detected 

by various instrument platforms, independently of any cofactors, substrates, or gene products from A. 

Victoria (80). The mCherry protein is a fluorescent derivative protein originating from the monomer 

mRFP1, a non-toxic and non-disruptive version of the fluorescent protein DsRed, found in 

the Discosoma spp. (89). The mCherry protein emits a bright red fluorescence and, like GFP, can act as 

an intracellular probe and have in vitro and in vivo applications (90). Most proteins tagged by the GFP 

and the mCherry protein retain regular biological activity (80,89).  

Transport of all proteins in a eukaryotic cell begins in the cytosol, but organelle proteins are then 

selectively and efficiently transported into their destination compartments to exercise their physiological 

functions (91). Short peptide sequences called localization signals act as signal fragments, mediating 

their transport from the cytoplasm into the targeted region (91,92). These molecules, such as can nuclear 

and mitochondrial localization signals (NLS and MLS, respectively, can be merged with fluorescent 

proteins to conduct them into the desired location inside the cell, essentially allowing the creation of 

transformants with localized fluorescence (91,92). 
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The mechanisms involved in the increased virulence of Sporothrix brasiliensis remain unclear. 

Gene editing techniques are an essential tool that allows the identification of molecular mechanisms and 

cellular processes that may be directly involved in the microorganisms' virulence, thus, can clarify the 

role of gene functions in vitro and in vivo. The design and creation of plasmids that allow the making of 

transformants with fluorescent proteins and the application of techniques such as CRISPR/Cas9 are 

essential mechanisms that would enable the study and understanding of several factors that are still 

unknown in microorganisms. Therefore, our main objectives were: 

1. To construct plasmids to perform the CRISPR/Cas9 technique in Sporothrix brasiliensis. 

2. To design, create and categorize S. brasiliensis tagged strains with fluorescent proteins. 

The work presented in this thesis aims to contribute to developing molecular tools to unravel the 

mechanisms of S. brasiliensis virulence. 

Chapter 1 introduces the state of the art of sporotrichosis regarding its etiological agents, 

epidemiology aspects, and distribution throughout the world. Secondly, a concise description of gene 

editing mechanisms, such as CRISPR/Cas9 and ATMT techniques, and a brief introduction to fluorescent 

proteins and their use in biology. 

Chapter 2 describes the objectives of this dissertation and its design. 

Chapter 3 focuses on the optimization and construction of plasmids for performing the 

CRISPR/Cas9 technique in Sporothrix brasiliensis. Although CRISPR/Cas9 constructs targeting the 

SPBR_01718 gene were inserted in the S. brasiliensis genome, no uracil auxotrophic mutants were 

obtained. Our data show that the TEF1-α promoter was unable to drive Cas9 expression. 

Chapter 4 focuses on the creation of a genetic toolbox for S. brasiliensis. Firstly, fluorescent-

tagged S. brasiliensis strains were produced, with green (GFP) or red (mCherry) fluorescence. The 

expression of these proteins allowed the study of two different endogenous S. brasiliensis promoters, 

namely pGAPDH and pH2A, and their expression profile. Secondly, easy-to-edit plasmids were built, 

allowing for the expression of the in-frame fusion of proteins of interest with either mCherry or GFP. Lastly, 

several tag strains were created and analyzed microscopically regarding their expression of GFP or 

mCherry fluorescent proteins, with different location signals, guiding them to the cytosol or nucleus. 

Chapter 5 presents a broad discussion and future perspectives regarding this thesis. 
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CHAPTER 3 – CRISPR/Cas9 gene editing 
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Abstract 

Sporotrichosis is the world's most prevalent and distributed subcutaneous mycosis. S. brasiliensis 

species is reported as the most virulent species, exhibiting the worst clinical manifestations, but the 

infection and virulence mechanisms of Sporothrix spp. are still not clearly understood. Therefore, the 

development of genetic engineering techniques for S. brasiliensis transformation is urgently needed, such 

as CRISPR/Cas9 and ATMT. Aiming at selection of uracil auxotrophic mutants, the minimal inhibitory 

concentration of the positive counter-selection marker 5-fluorouracil-6-carboxylic acid (5-FOA) in S. 

brasiliensis was tested. For transformant selection, during the Agrobacterium tumefaciens-Mediated 

Transformation technique, we used the higher concentration of 0.3% (w/v) 5-FOA and 150 µg/mL of 

hygB to avoid unspecific growth. The auxotrophic selection marker was intended to select transformants 

whose SPBR_01718 gene had been cleavage by the CRISPR/Cas9 system. Although CRISPR/Cas9 

constructs targeting this gene were inserted in the S. brasiliensis genome, confirmed by the PCR 

technique through the HPH gene, no uracil auxotrophic mutants were obtained. As so, we analyzed the 

expression of the CRISPR/Cas9 system in S. brasiliensis with the Cas9 endonuclease tagged to the 

fluorescent protein mCherry, but no fluorescence was detected in microscopic analysis, thus confirming 

the absence of Cas9 protein expression. The pTEF1-α has already been reported as a suitable promoter 

to express the CRISPR/Cas9 system in filamentous and dimorphic fungi. However, our results suggest 

that the TEF1-α constitutive promoter, present in the pPTS608 plasmid used, previously designed for 

Blastomyces dermatitidis, could not drive Cas9 expression in the S. brasiliensis biological system. 

Introduction 

Techniques to select mutant cells in the presence of large numbers of wildtype cells are a handy 

tool in diverse fields of biological and biotechnological research (93). These selective techniques usually 

rely on the mutants' ability to convert and inactivate a compound that would otherwise be toxic to wildtype 

cells. Selection markers, such as hygromycin B and chlorimuron Ethyl, are examples of toxic compounds 

that fungi mutants harboring, respectively, the HPH and SUR genes can inactivate (94–96). Auxotrophic 

selection markers are inert compounds only wildtype cells can interact with to synthesize a toxic 

compound, ultimately inhibiting their growth. Since auxotrophic mutant cells cannot form these poisonous 

compounds, they can grow in inert precursors' presence (93,97). These strains usually carry mutations 

in biosynthetic genes, typically genes needed for amino acid or nucleotide biosynthesis (97). The inert 

precursor 5-Fluoroorotic acid (5-fluorouracil-6-carboxylic acid monohydrate; 5-FOA) is used in yeast 

molecular genetics to identify the expression of the URA3 gene, which encodes orotine-5'-monophosphate 



17 

(OMP) decarboxylase (98). Yeasts with an active URA3 or similar gene (Ura+) convert 5-FOA to 

fluorodeoxyuridine, which is toxic to cells. The URA3- cells, or SPBR_01718- in the case of S. brasiliensis, 

grow in the presence of 5-FOA if the media is enriched with uracil. The 5-FOA is frequently used to select 

uracil auxotrophic mutants, as exemplified in Saccharomyces cerevisiae (URA3), Schizosaccharomyces 

pombe (URA4 and URA5), Candida albicans (URA3), Aspergillus spp. (99), and E. coli (pyrF) (93,98). 

The sequenced genomes database is rapidly increasing, and techniques such as CRISPR-Cas9 

adapted for use in filamentous fungi help to understand their biology (67). In the fungal pathogen 

Blastomyces dermatitidis, a CRISPR/cas9 system was developed, taking advantage of the plasmid 

pPTS608_Cas9_hyg that mediates Cas9 and sgRNA expression (70). This CRISPR-Cas9 gene editing 

system involves the activity of ribozymes to generate the active RNA portion (sgRNA), and when co-

expressed with Cas9, the target sequence is modified (70). CRISPR/Cas9 is a powerful genetic editing 

tool with several applications. It allows a better understanding of different mechanisms related to aspects 

of a particular gene and its relationship with cellular mechanisms. Developing CRISPR-Cas9 techniques 

in S. brasiliensis would be necessary as a gene-editing tool that can help uncover and enlighten underlying 

virulence mechanisms. 

In the present study, we evaluated the application of the CRISPR/cas9 system developed in S. 

brasiliensis. 

Material and Methods 

Microorganisms and culture media 

The S. brasiliensis ATCC MYA-4823 strain (55,100) was used throughout this study. Cells were 

cultured at 37°C for 72h in yeast extract peptone dextrose (YPD, pH = 7.8). Yeast cells were obtained 

through sterile gaze filtration to remove cell aggregates and hyphae. The A. tumefaciens strain AGL-1 

(101,102) strain, kindly donated by Dr. Augusto Schrank (Federal University of Rio Grande do Sul, Brazil), 

harbored each plasmid used in the experiments. A. tumefaciens cells were cultured at 26°C in L.C. 

BROTH medium, supplemented with the antibiotic rifampicin (20µg/mL, Sigma-Aldrich©)). To selective 

medium used kanamycin (100µg/mL, Formedium™) to maintain the plasmids used in this work. The 

L.B. medium, supplemented or not with kanamycin (50µg/mL), was used for E. coli growth at 37°C, 

while the SOC (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4, and 20 mM glucose) liquid medium was used to allow recovery of E. coli in the in vivo Assembly 

technique (103). Each culture medium component is described in Table 1. Cultures were maintained at 

4°C for short-term storage and were regularly sub-cultured every 4–6 weeks. 
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Table 1. Culture media used in this study. 

YPD LB LC 

Dextrose 2.0% NaCl 1.0% NaCl 0.8% 

Peptone 2.0% Tryptone 1.0% Tryptone 1.0% 

Yeast extract 1.0% Yeast extract 0.5% Yeast extract 0.5% 

*Agar 1,5% *Agar 1.5% *Agar 1.5% 

*Agar was added only in solid medium. 

Agrobacterium tumefaciens transformation protocols 

For electrocompetent cells of Agrobacterium tumefaciens and electroporation, adapted protocols 

were used. A. tumefaciens cells were grown at 28°C to an optical density (OD660nm) of 1.5-2.0. Collected 

by centrifugation and washed five to seven times in sterile distilled water. Later, the cells were 

resuspended in 10% glycerol to a final concentration of 1x1010 cells/ml and stored frozen at -70°C. Cells 

were defrosted on ice, and 2ng of plasmid DNA was added to a 40µl aliquot of electrocompetent cells. 

The plasmid and cells were homogenized by pipetting gently, and the mixture was transferred to a cooled 

cuvette. For electroporation, the Gene Pulser Xcell TM (Bio-rad, model 1652660) was used with: 1.8kV, 

200Ω, and 25µF. Following electroporation, 900µl of L.B. is added to the cuvette and transferred the 

total volume to a sterile tube, where it is incubated at 26°C without shaking for 3 hours. After incubation, 

the volume is centrifuged, plated, and again incubated at 26°C in a selective solid medium with 

kanamycin (100µg/ml) for 72 hours (104). 

The A. tumefaciens-mediated transformation (ATMT) method was based on the previously 

described Sporothrix spp. protocols with adjustments (49–51,55), and schematized in Figures 7 and 8. 

A. tumefaciens cells previously transformed by electroporation were cultured at 28°C while shaking (200 

rpm) in 10 mL of L.C. broth with antibiotics for 6-10h. Then centrifuged at 4000 rpm for 6 minutes and 

resuspended in Induction Medium (I.M.) (46) with rifampicin (20µg/ml), kanamycin (100µg/ml), and 

acetosyringone (200µM) to an OD660nm of 0.3.  

In the I.M. medium, the A. tumefaciens cells were grown overnight at 26°C, 200 rpm, for an 

OD660nm of 0.6-0.8 to virulence. Simultaneously, exponential growth fungal cells were grown at 37°C, 200 

rpm, for 24h in 50mL YPD (pH 7.8), and yeast cells were obtained through filtration with a sterilized gaze. 

A. tumefaciens was mixed with S. brasiliensis cells in a 2:1 ratio. 5x107 cells of S. brasiliensis and 1x108 

of A. tumefaciens cells were used. Those mixtures were centrifuged and inoculated onto I.M. plates on a 

sterile membrane (Hybond™-C). The plates were co-cultivated in the dark for 72 hours. After the co-
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cultivation period, the membranes were transferred to falcon tubes. The cells were dislodged into a 5mL 

YPD medium (pH 7.8) containing cefotaxime (200µg/mL) for growth inhibition of A. tumefaciens. 

After 6 hours of cultivation at 37ºC, while shaking at 200 rpm, 1mL was centrifuged, about 800µL 

supernatant was removed, and the final volume inoculated on a selective YPD solid medium (hygromycin 

B, 150 µg/mL) (55). Fungal cells without the A. tumefaciens were inoculated into selective and non-

selective YPD mediums as positive and negative controls. To conclude, after cultivation for a week at 

37ºC, the transformants were randomly selected for other experiments. 

 

 

Figure 7. Timeline schematic of S. brasiliensis ATMT. 
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Figure 8. Schematic of S. brasiliensis ATMT technique. 

The 5-Fluoroorotic Acid (5-FOA) inhibitory concentration in S. brasiliensis 

To identify the inhibitory concentration of 5-FOA in S. brasiliensis ATCC 4823, cells were obtained 

in YPD liquid medium pH 7.8 and diluted to an optical density of 1, measured at 660nm (OD660nm) by the 

Genesys™ 20 Spectrophotometer (Sigma-Aldrich, model Z376035). The sample was diluted in three 

different cell concentrations in milliliters (106 cells/mL, 105 cells/mL, and 104 cells/mL). After dilution, 
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the samples were inoculated in plates containing solid medium YPD pH 7.8, with different 5-FOA 

concentrations. One drop (5µL) of each concentration was inoculated for each plate: 106 on the left edge, 

105 on the middle edge, and 104 on the right edge. 

Plasmid Construction 

CRISPR/Cas9 targeting SPBR_01718 gene 

To apply the CRISPR/Cas9 gene editing technique to the fungi S. brasiliensis, the vector 

pPTS608-Cas9-HygB was used as the backbone, and pPTS608-Cas9-HygB-PRA1-sgRNA for the 

amplification of the fragments to the sgRNA and desired protospacers sequences, as described elsewhere 

(70). In this strategy, two protospacers to disrupt the SPBR_01718 gene (Figure 9), which encodes the 

uridine monophosphate synthetase in S. brasiliensis, were selected using the CHOPCHOP web software 

(105). Through a blast of the sequences chosen as protospacers, it was possible to verify that the same 

sequences could be used for the same purpose in the fungus S. schenckii, probably due to their genetic 

proximity.  

 

Figure 9. CRISPR/Cas9 gene-editing schematic in S. brasiliensis. Representation of 

CRISPR/Cas9 system to disrupt the SPBR_01718 gene.  

 

As mentioned, the amplification of the fragment containing the chosen protospacers and the 

sgRNA, the plasmid PRA1 was used. The fragments insert the desired protospacer into the sgRNA and 

have sequences complementary to the plasmid pPTS608-Cas9-HygB after linearizing with the PacI 

enzyme, as represented in Figure 10. 
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Figure 10. Backbone vector pPTS608-Cas9-HygB linearized with PacI enzyme and pPTS608-

Cas9-HygB-Proto1-sgRNA and pPTS608-Cas9-HygB-Proto2-sgRNA with their respective fragments. 

 

Fragments were created to construct plasmid pPTS608-Cas9-HygB-Proto1-sgRNA (Vector 

backbone + sgRNA with protospacer 1). Fragment A uses the primers Proto_1_ Frag A R, which inserts 

the mutation in the hammerhead, and the primer C9_Frag A F, which amplifies o part of the sequence 

referring to the sgRNA. Fragment B uses the primers Proto_1_Frag B F, which inserts protospacer 1 into 

sgRNA, and the C9_Frag B R, which ensures amplification of the rest of the sequence that has binding 

sites with the backbone plasmid. For the plasmid pPTS608-Cas9-HygB-Proto2-sgRNA (Vector backbone 

+ sgRNA with protospacer 2), two fragments were also created, fragment A - uses primers Proto_2_ Frag 

A R, which insert mutation in the hammerhead + primer C9_Frag A F, and fragment A – uses primers 

Proto_2_Frag B F, which inserts the one that inserts protospacer 2 into sgRNA + the primer C9_Frag B 

R. The construction of the final vectors was carried out through the Gibson assembly (106). The E. coli 

NZYStar Competent Cells (NzyTechTM, Portugal) were used, and the appropriate transformation protocol 

was followed. The protospacers sequences are represented in Table 2. 

Table 2. Protospacers, orientation, genome context and PAM sequence. 

PROTOSPACER 1 

Orientation Protospacer sequence Context Sequence* PAM Sequence 

antisense ATGATGCGGGCCGTACCGG ACTCAATGATGCGGGCCGTACCGGCGGTGT CGG 

PROTOSPACER 2 

Orientation Protospacer sequence Context Sequence* PAM Sequence 

sense CTACGACCTTGTCACCGGAT CCCACTACGACCTTGTCACCGGATGGGACT GGG 

*Protospacer sequence in S. brasiliensis genome. In blue the sequence refers to the protospacer, while 

the red sequence illustrates the PAM sequence. 
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The fragments were created by PCR amplification with primers containing the 20 nucleotides (nt) 

protospacer and the 6 nt inverted ribozyme repeat overlapping the end of the protospacer, each targeting 

vector must replace 20 nt protospacer and 6 nt inverted hammerhead repeat required to maintain 

sequence complementarity (70), the primers are shown in Table 3.  

Table 3. Primers used in the CRISPR/Cas9 strategy. 

Primer name      Sequence nt 

C9_Frag A F ccgctgagggtttaatGCGTAAGCTCCCTAATTG 34 

C9_Frag B R cggctgaggtcttaatGAGCCAAGAGCGGATTCC 34 

Seq UMS_L TCCCACCATATCCTCTCGTC 21 

Seq UMS_R CCGTCCTGGTGGTAGGTG 18 

Proto_1_Frag B F GAAACGAGTAAGCTCGTCAATGATGCGGGCCGTACCGGGTTTTAGAGCTAGAAATAGC 60 

Proto_1_ Frag A R GACGAGCTTACTCGTTTCGTCCTCACGGACTCATCAGAATGATCGGTGATGTCTGCTCAAG 61 

Proto_2_Frag B F GAAACGAGTAAGCTCGTCCTACGACCTTGTCACCGGATGTTTTAGAGCTAGAAATAGC 60 

Proto_2_ Frag A R GACGAGCTTACTCGTTTCGTCCTCACGGACTCATCAGCTACGACGGTGATGTCTGCTCAAG 61 

cas9_mcherry 1 GAAAAGAATCCCATCGACTTTC 22 

cas9_mcherry 2 GGTGGCGACCGGTGGATCCGTGCTTCCCGAGACCTTGCGCTTCTTCTTG 49 

cas9_mcherry 3 TCGGGAAGCACGGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGGA 50 

cas9_mcherry 4 CAGAACTCTGTCCAGGTCATGTAATATCACACGCAGCCGAAGCCTTCGAG 50 

 

The sgRNA cassettes were generated by overlapping high-fidelity polymerase PCR-generated 

fragments, inserted into the vector backbone by Gibson assembly reaction, and confirmed by Sanger DNA 

sequencing (70). Plasmid DNA extraction, recombinant DNA manipulation, and E. coli and A. tumefaciens 

transformation procedures were performed as reported previously (104,107). Sporothrix spp. 

transformants were selected by hygromycin B resistance. The backbone plasmid is represented in Figure 

11.  
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Figure 11. pPTS608-Cas9-HygB map. Cas9 plasmid construction representation with the selection 

markers hygromycin for S. brasiliensis and kanamycin for A. tumefaciens and E. coli. 

pPTS608_Cas9-mCherry 

 We also designed a plasmid with the Cas9 gene fusion and mCherry fluorescence. For the 

construction of this plasmid, the backbone vector was digested with the enzymes XhoI and PmlI. And two 

fragments were designed that contain a linker sequence and the mCherry fluorescence gene. The first 

fragment was amplified from the backbone vector to insert the linker and a part of the Cas9 sequence 

that was lost in digestion (primers cas9_mcherry 1 and cas9_mcherry 2). The second fragment was 

responsible for inserting the linker and the sequence referring to the mCherry fluorescence gene. It was 

amplified from a plasmid containing the mCherry gene (primers cas9_mcherry 3 and cas9_mcherry 4). 

Results and Discussion 

5-FOA inhibitory concentration in S. brasiliensis ATCC 4823 

Aiming to produce uracil auxotrophic mutants using the CRISPR/cas9 strategy, we intend to use 

5-FOA as a positive counter-selection marker, as uracil-prototrophic cells will perish (109–111). Three S. 

brasiliensis concentrations (106, 105, and 104) were inoculated into plates (YPD pH 7.8) with different 5-

FOA's concentrations. As shown in Figure 12, our data show a gradual growth inhibition at 0.025% (w/v) 

of 5-FOA at the droplet of 104 cells/mL, and a clear growth inhibition at all the three droplets in the 

concentrations of 0.3% (w/v) of 5-FOA. Therefore, we selected this higher concentration for further studies 
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Figure 12. Growth inhibition of S. brasiliensis in YPD 7.8 medium with different 5-FOA 

concentrations (%; w/v).  Three droplets with decreasing 10-fold dilutions of ATCC MYA-4823 yeast 

cells (106 cells/mL on the left edge, 105 cells/mL in the middle, and 104 cells/mL on the right edge) were 

inoculated in YPD pH 7.8 plates with increasing 5-FOA concentrations.  

CRISPR/Cas9 gene editing system 

To our knowledge, transformation by CRISPR/cas9 of fungi of the genus Sporothrix is yet to be 

achieved. Considering that the targeted sequence is important for the efficiency of the CRISPR/Cas9 

system, we designed within the SPBR_01718 gene two different protospacers (Table 2). The plasmids 

obtained, pPTS608-Cas9-HygB-Proto1-sgRNA and pPTS608-Cas9-HygB-Proto2-sgRNA, were confirmed 

by Sanger sequencing (data not shown). With the plasmids successfully constructed, the Agrobacterium 

tumefaciens harboring these plasmids was used in ATMT to transform S. brasiliensis.  

Firstly, the ATMT was performed using a selective medium with hygromycin B and 5-FOA 

auxotrophic selection marker (0.3%, w/v) to inhibit the growth of SPBR_01718+ cells (99). However, no 

colonies appeared at the end of the ATMT's 7-day incubation period. With this data, we thought that no 

uracil auxotrophic mutants were being produced, or the 5-FOA was toxic for the mutant selection. 

Therefore, another ATMT was performed and transformed cells were plated in a selective medium with 

hygromycin B, lacking 5-FOA. After this first round of selection (strains harboring the Cas9 construct), 

forty colonies were randomly selected and transferred to three different solid culture mediums: minimal 

medium without uracil, which would only allow the growth of prototrophic mutants (wildtype phenotype; 

no edition); minimal medium with the addition of uracil, allowing the growth of uracil-auxotrophic and 
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prototrophic mutants (all transformants); and the permissive YPD medium (that would enable the growth 

of all mutants).  

Our data show that all transformants tested were able to grow in all media, indicating that no 

auxotrophic mutant was produced. Even so, and as Cas9 cleaves the DNA in the surrounding regions of 

that protospacer sequence, we decided to sequence the SPBR_01718 gene in two randomly selected 

mutants. We confirmed by PCR the presence of the HPH gene in these transformants. However, 

sequencing data surrounding the protospacer regions did not show any genomic alteration in the 

SPBR_01718 gene, despite the success of the ATMT (Figure 13).  

 

Figure 13. S. brasiliensis SPBR_01718 gene alignment. The genetic sequencing of the isolated 

mutant Sporothrix brasiliensis is highlighted and shows no difference from the wild type. For sequencing, 

primers Seq UMS_L and Seq UMS_R were used. 

S. brasiliensis harboring the CRISPR/Cas9 construct targeting the SPBR_01718 gene did not let 

to any auxotrophic uracil mutants. Considering that, we questioned if the promoter of the translational 

elongation factor EF-1 alpha (TEF1-α) that drives Cas9 expression in this system, from Aspergillus spp., 

was functional in S. brasiliensis. To further evaluate the expression levels of Cas9 and its nuclear 

localization, essential for its nuclease function, we construct a new plasmid with an in-frame fusion of 

Cas9 with mCherry, spaced by an inert linker – SGSTDPPVA (108). The plasmid pPTS608_Ca9-mCherry 

was confirmed by sequencing and used for transformation. S. brasiliensis pPTS608_Ca9-mCherry 

mutants were produced through the ATMT technique. Our data show the absence of red fluorescence, 

confirming the absence of Cas9 protein expression. In a preliminary assay we also could not detect Cas9 

expression by western blot analysis using Cas9 antibody (7A9-3A3) from Santa Cruz (data not shown). 

The pTEF1-α has already been reported as a suitable promoter to express the CRISPR/Cas9 system in 
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filamentous and dimorphic fungi (67,70). However, our results suggest that the TEF1-α constitutive 

promoter does not express the CRISPR/Cas9 system in the S. brasiliensis biological system. 

Conclusion 

Even without successfully applying the CRISPR/Cas9 system in the S. brasiliensis biological 

system, this technique still has tremendous potential in future studies using different promoters to induce 

the expression of the CRISPR/Cas9 system. The optimization of this technique can contribute to a better 

understanding of host-pathogen interaction of Sporothrix spp. and help create therapies or strategies 

against sporotrichosis. 
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Abstract 

Sporotrichosis is the world's most prevalent and distributed subcutaneous mycosis, and the S. 

brasiliensis species is reported as the most virulent species. However, virulence mechanisms of 

Sporothrix spp. still lack clarification. During the last years, the genome of several strains has been fully 

sequenced, and the data is available in open access resources; this genomic knowledge has not been 

accompanied by reverse genetics tools, which could contribute to decoding gene functions. This present 

chapter focuses on creating a genetic toolbox, allowing the development of a set of transformants that 

can be used in future studies to help unravel S. brasiliensis poorly understood virulence mechanisms. To 

optimize an ectopic gene expression in Sporothrix transformants, we tested two promoters, GAPDH and 

H2A. Through the ATMT protocol, we produced tagged strains expressing GFP or mCherry in the 

cytoplasm with the full-length GAPDH promoter, pGAPDH with different bp lengths, and the H2A promoter. 

Our results show that the expression promoted by the GAPDH promoter led to a high genetic and 

constitutive expression of the S. brasiliensis transformants. Thus, we developed plasmids with the GAPDH 

or H2A promoter, fluorescent proteins (GFP and mCherry), and a linker sequence between them, allowing 

the insertion of any localization signal to mediate the transport of the fluorescent proteins from the 

cytoplasm to the target region. Thus, nuclear gene localization was inserted between the pGAPDH 

promoter and fluorescent proteins (GFP or mCherry). After sequencing, several of these plasmids were 

used for the ATMT technique and were successfully used to produce several S. brasiliensis fluorescent 

tag strains. After microscopic analysis, strains exhibited a bright fluorescent signal accordingly to their 

localization signal (nucleus or cytoplasm). Together, our results confirm the easy and adaptable protocol's 

success in constructing a set of S. brasiliensis strains.  

Introduction 

Sporotrichosis is the world's most prevalent and dispersed subcutaneous mycosis (5). This 

endemic disease is caused by the dimorphic fungus from the Sporothrix genus, which is prevalent 

worldwide in tropical and subtropical areas (2). Sporothrix brasiliensis is reported as the most virulent 

species among those causing sporotrichosis (7,8), but the mechanisms behind this phenomenon still 

require enlightenment (8). Since the discovery of fluorescence proteins, they have become a powerful 

tool for analyzing gene expression and protein localization in various experimental systems (90). 

Consequently, their use can help better understand the pathophysiology of several pathogens, including 

S. brasiliensis.  



30 

The GFP and mCherry proteins emit a bright green and red fluorescence, respectively, easily 

detected by various instrument platforms. They essentially provide a 'fluorescent tag' on a desired protein 

or structure, making it possible to probe its location, activity, or interaction with other molecules (80,89). 

Although S. schenckii strains expressing fluorescent proteins have already been produced (49), the use 

of these tools in S. brasiliensis is currently absent. 

Transport of all proteins in a eukaryotic cell begins in the cytosol, but organelle proteins must be 

selectively and efficiently transported into their destination compartments to exercise their physiological 

functions (91). Nuclear and mitochondrial localization signals (NLS and MLS, respectively) are generally 

short peptide chains acting as signal fragments, mediating their transport from the cytoplasm into the 

targeted region (91,92). These localization signals can be merged with fluorescent proteins to conduct 

them into the desired location inside the cell, essentially allowing the creation of mutants with localized 

fluorescence (91,92). 

Material and Methods 

Microorganisms and culture media 

The S. brasiliensis ATCC MYA-4823 strain (55,100) was used throughout this study. Cells were 

cultured at 37°C for 72h in yeast extract peptone dextrose (YPD) medium (pH = 7.8). Yeast cells were 

obtained through sterile gaze filtration to remove cell aggregates and hyphae. The A. tumefaciens AGL-1 

(101,102) strain harbored each plasmid used in the experiments. A. tumefaciens cells were cultured at 

26°C in L.C. BROTH medium, supplemented with the antibiotic rifampicin (20µg/mL, Sigma-Aldrich©)). 

To selective medium used kanamycin (100µg/mL, Formedium™) to maintain the plasmids used in this 

work. The L.B. medium supplemented or not with kanamycin (50µg/mL) was used for E. coli growth at 

37°C. SOC medium to allow the E. coli recovery in the in vivo assembly technique (103). For every solid 

medium, 1.5% of agar was added. Cultures were maintained at 4°C for short-term storage and were 

regularly sub-cultured every 4–6 weeks. 

Primers and Plasmid construction  

Primers, plasmids, and inserts were designed using Primer3Web® (https://primer3.org/), and 

SnapGene® (https://www.snapgene.com/), and all the primers used are shown in Table 4. As a strategy 

to express fusions of GFP or mCherry with a variety of targeting sequences, plasmids were designed with 

a specific digestion enzyme site, cut by the AvrII enzyme (New England Biolabs®), and a linker sequence 
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that allowed us to edit and insert a specific target sequence that directs fluorescence to the desired region 

in the mutant. For this, we made primers for the H2A, TIM16, and TOM6 sequences. The fragments were 

generated by overlapping high-fidelity polymerase PCR and inserted into the vector backbone, pPTS608-

Cas9-HygB (70), by in vivo assembly technique (103,109) and confirmed by Sanger DNA sequencing. 

Different enzymes were used to linearize the plasmid and allowed your edition. Plasmid DNA extraction, 

recombinant DNA manipulation, and E. coli and A. tumefaciens transformation procedures were 

performed as reported elsewhere (104,107). 

 

Table 4. Primers used to create the fluorescent tag S. brasiliensis strains. 

Primer name SEQUENCE Observations 

HPH_F ATGCCTGAACTCACCGCGAC HPH resistance gene 
in PTS608 plasmids 
and derivatives HPH_R TTCTACACAGCCATCGGTCC 

  
Plasmid construction: 
Cas9-mCherry 

cas9_mcherry4 CAGAACTCTGTCCAGGTCATGTAATATCACACGCAGCCGAAGCCTTCGAG 

  

H2A-mcherry1 ATGGTGAGCAAGGGCGAGGA 

Plasmid construction: 
pH2A-mCherry and 
pH2A-H2A-mCherry 

H2A-mcherry2 CCATGTTATCCTCCTCGCCC 

H2A-mcherry3 ATGGCTGGCGGCAAGGGAAAAT 

H2A-mcherry4 ATCTGCGGAACATATACTGGGCCCGGGAATTCCGGTGACGTTTGGTGCAG 

H2A-mcherry5 CCGACGATTTTCCCTTGCCGCCAGCCATTGTGTCACGAAAGCGAAGTTG 

H2A-mcherry6 ATGTTATCCTCCTCGCCCTTGCTCACCATTGTGTCACGAAAGCGAAGTTG 

GAPDH_promoter_1 CATCTGCGGAACATATACTGGGCCCGGGAACTCGCTCGTCTTGGAGTGCT Plasmid construction: 
promoter GAPDH- 
mCherry or GFP GAPDH_promoter_2 CTCCTCGCCCTTGCTCACCATTTTGACTTTGGAATTGAGTTAGCC 

seq_pH2A GCCTTACTGTATCGCCTCTG sequencing primers 

seq_pGADPH CCTGGTGACGACTGGCTC sequencing primers 

Linker_GFP AGTTCTTCTCCTTTACTCATACCAGAGGTGGCGACCGGTG Plasmid construction: 
GFP gene and H2A 
location sequence 

H2A_GAPDH ATTTTCCCTTGCCGCCAGCCATTTTGACTTTGGAATTGAGTTAGCC 

GFP_F ATGAGTAAAGGAGAAGAACTTTTCAC 

pGAPDH_GFP AGTTCTTCTCCTTTACTCATTTTGACTTTGGAATTGAGTTAGCC Plasmid construction: 
promoter GAPDH 
with different sizes 

GAPDH_1000 GAACATATACTGGGCCCGGGAAGCAGCCCATGACGACCCATT 

GAPDH_800 GAACATATACTGGGCCCGGGAATGCTACCCCGCCATCGATCG 

GAPDH_c/UTR_R GATCCGTGCTTCCCGATGCCCCTAGGTTGACTTTGGAATTGAGTTAGC strategy with 
pGAPDH and linker GAPDH_s/UTR_R GATCCGTGCTTCCCGATGCCCCTAGGGAAACTCGAACCGGAG 

F_Tim16_GFP AACTCAATTCCAAAGTCAACATGGTACGTACACGCAAG TIM16 localization 
gene sequence R_Tim16_GFP ATCCGTGCTTCCCGATGCCCTCCGGTCCTTGTACATCTTGGGCTTG 

F_Tom6_GFP AACTCAATTCCAAAGTCAACATGTACCAGCCAAGACAGATCG TOM6 localization 
gene sequence R_Tom6_GFP ATCCGTGCTTCCCGATGCCCTCGGCGGCAGCAGGA 
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Plasmids pH2A-mCherry and pGAPDH-mCherry 

The pPTS608-Cas9-HygB backbone vector was cut with the enzymes BglII (New England 

Biolabs®) and PmlI (New England Biolabs®), and two fragments were inserted. For the plasmid with 

pH2A-mCherry – The first used primers H2A-mcherry4 and H2A-mcherry6 to amplify the H2A promoter 

from the gDNA of S. brasiliensis. The second used primers cas9_mcherry4 and H2A- mcherry1 to amplify 

the mCherry. For the plasmid with pGAPDH-mCherry, we used GAPDH_promoter_1 and 

GAPDH_promoter_2 primers to amplify the GAPDH promoter from the S. brasiliensis gDNA, and the 

primers cas9_mcherry 4 and H2A-mcherry1 to amplify the mCherry. 

Plasmids pH2A_H2A-mCherry and pGAPDH_H2A-GFP 

The pPTS608-Cas9-HygB backbone vector was cut with the enzymes BglII (New England 

Biolabs®) and PmlI (New England Biolabs®), and three fragments were inserted.  

pH2A_H2A-mCherry – (1) used primers H2A-mcherry4 and H2A-mcherry5 to amplify the H2A 

promoter from S. brasiliensis gDNA. (2) used primers H2A-mcherry2 and H2A-mcherry3, the coding 

region of the H2A gene, a linker sequence, and the initial part of the mCherry fluorescence protein gene. 

(3) Primer cas9_mcherry 4 and H2A-mcherry1 were used to amplify the mCherry. 

pGAPDH_H2A-GFP – (1) GAPDH promoter amplified from gDNA S. brasiliensis (primers 

GAPDH_promoter_1 and H2A_GAPDH). (2) target sequence H2A (primers H2A-mcherry3 and 

Linker_GFP). (3) GFP gene (primers cas9_mcherry 4 and GFP_F).  

Plasmids GFP and Promoter GAPDH with different sizes 

The plasmids were designed: pPTS608_pGAPDH-GFP, pPTS608_p1157GAPDH-GFP, 

pPTS608_p757GAPDH-GFP, and pPTS608_pGAPDH-without_5'UTR-GFP. The pPTS608-Cas9-HygB 

plasmid was digested with the enzymes BglII and PmlI, and two fragments were inserted. The first used 

gDNA from S. brasiliensis to amplify the GAPDH promoter, and promoter primers vary depending on the 

size of the desired promoter. For the complete GAPDH promoter primers GAPDH_promoter_1 and 

pGAPDH_GFP, the 1157 bp primers GAPDH_1000 and pGAPDH_GFP, and the 757 bp promoter primers 

GAPDH_800 and pGAPDH_GFP. The second remains the same across all plasmids and is designed to 

amplify the GFP gene with primers cas9_mcherry4 and GFP_F. For the construction of 

pPTS608_pGAPDH-without_5'UTR-GFP, a different strategy was used; the Plasmid 

pPST608_GAPDHfull_H2A_GFP was used as a vector backbone and digested with ApaI and XhoI and 
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the promoter to be inserted made by amplifying the S. brasiliensis genomic gDNA with the primers 

GAPDH_promoter_1 and GAPDH_s/UTR_R. Plasmid maps are shown in Figure 14. 

 

 

Figure 14. Plasmid PTS608 with different versions of the GAPDH promoter. (A) 

pPTS608_pGAPDH-GFP, exhibiting the full-length pGAPDH. (B) pPTS608_p1157GAPDH-GFP, with a 

1157bp of the pGAPDH. (C) pPTS608_p757GAPDH-GFP, with only 757bp of the promoter's sequence. 

(D) pPTS608_pGAPDH-without_5'UTR-GFP, depicting the pGAPDH without the 5'UTR region. 

pPTS608_pGAPDH-linker-GFP and pPTS608_pGAPDH-linker-mCherry 

For the design of plasmids that express fusions of fluorescence proteins with a specific region of 

the fungal cell, new plasmids with the fluorescence genes GFP and mCherry were produced. The plasmids 

pPTS608_pH2A_H2A-mCherry and pPTS608_pGAPDH_H2A-GFP were used as a backbone vector. They 

were digested with ApaI (Thermo Fisher Scientific) and XhoI (Thermo Fisher Scientific) enzymes. After 

digestion, an amplified fragment of S. brasiliensis gDNA containing the desired promoter is inserted. 

These plasmids retain the original vector linker in addition to receiving the AvrII cleavage site, allowing 

easy editing and insertion of the desired location sequence. Its backbone vector is 

pPTS608_pGAPDH_H2A-GFP or pPTS608_pH2A_H2A-mCherry, which is digested as above. These are 

plasmids without localization sequences containing linker, GFP or mCherry gene sequence, and AvrII 

enzyme digestion site. Its promoter is amplified using primers GAPDH_promoter_1 and 

GAPDH_c/UTR_R in S. brasiliensis gDNA. 

pPTS608_pGAPDH-TIM16-GFP and pPTS608_pGAPDH-TIM16-mCherry 

Backbone plasmids depend on the desired fluorescence gene, which can be pPTS608_pGAPDH-

linker-GFP and pPTS608_pGAPDH-linker-mCherry. After linearizing with the AvrII enzyme, a fragment 

containing the TIM16 gene localization sequence is inserted. The TIM16 sequence fragment is amplified 

from S. brasiliensis gDNA and uses primers F_Tim16_GFP and R_Tim16_GFP (Figure 15). 
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Figure 15. Plasmid with the TIM16 target sequence. Plasmids with promoter GAPDH, TIM16 

target sequence in fusion with fluorescent protein mCherry or GFP. 

pPTS608_pGAPDH-TOM6-GFP 

This plasmid used the same strategy as in the plasmids containing the TIM16 sequence. 

However, in this case, the amplified sequence of the genome of S. brasiliensis is the TOM6 target 

sequence using primers F_Tom6_GFP and R_Tom6_GFP (Figure 16). 

 

Figure 16. Plasmid pPTS608_pGAPDH-TOM6-GFP. Plasmid with promoter GAPDH and TOM6 

target sequence in fusion with GFP. 

In vivo assembly protocol 

The adapted in vivo assembly technique was used to construct the plasmids. The vector was 

linearized with the desired enzymes, and inserts were made using Invitrogen™ Platinum™ SuperFi™ DNA 

Polymerase. A ratio of 1:5 (linearized plasmid:each insert) was used (103), with 1 equal to 20 ng of DNA. 

After calculation, the values were placed in a 25 µL aliquot of NZYStar® competent cells. The 

transformation protocol was followed according to the company's recommendations; however, for the 

cell's incubation, 250µL were used, and their total volume was plated in a selective medium. The 

schematization of the in vivo assembly protocol can be seen in Figure 17. 
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Figure 17. The schematization of the in vivo assembly protocol. (A) Linearized vectors and 

inserts, after calculated, are added to an aliquot of E. coli competent cells. (B) Upon the realization of the 

transformation protocol, the inserts and the linearized plasmid enter the bacterial cells, whose own 

machinery is responsible for constructing the plasmids. (C) Only cells that successfully produce the 

desired plasmid grow when plated in a selective medium. (D) Bacteria containing the desired vector are 

grown, and the plasmid is extracted for use in further experiments. 

Fluorescent microscopy  

S. brasiliensis transformants were produced through ATMT with the AGL-1 strain harboring 

several plasmids, which confers the expression of the fluorescence proteins GFP or mCherry in the 

cytoplasm, nucleus, or mitochondria. Yeast and mycelium cells of ATCC MYA-4823 transformants and 

wild type were obtained during exponential growth by incubation at 37 and 26°C, respectively, for 24h 

while shaking 200rpm. Cells were fixed with 500µL of 2% paraformaldehyde for 30 minutes, R.T., while 

shacking and stored at 4°C until analysis. Fluorescence in the nucleus was confirmed by co-localization 

with Invitrogen™ DAPI (4[prime],6-diamidino-2-phenylindole). Exponential growth cells were stained with 

0.1µg/mL of DAPI for an hour at R.T. while shaking. To allow better mitochondrial visualization. 

Fluorescence microscopy analyses were performed with the Olympus Widefield Upright Microscope BX61 

by either bright-field or fluorescent microscopy. All images were captured using 395nm/509nm for 

excitation and emission, respectively, and exposition time to the laser beam was automatically set. 

Imagens were treated in the ImageJ© (https://imagej.nih.gov/ij/) software. 

https://imagej.nih.gov/ij/
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Promoter evaluation 

To analyze the MFI difference between the GAPDH and H2A promoters, six mutants of each and 

S. brasiliensis wildtype cells were cultured for 3 days at 37°C, 200 rpm in a 100 mL Erlenmeyer flask 

with 20 mL of YPD (pH 7.8). Mutants grew on a selective medium (150 µg/mL hygromycin B, 

Formedium™). The OD660nm was periodically measured, and yeast cells were fixed with paraformaldehyde 

at a concentration of 2% for 15 minutes at 4°C. Thirty thousand events were captured using FACS, and 

the MFI of singlets of each condition was measured and compared. Wildtype yeast cells in each period 

were used to determine the autofluorescence threshold. Next, the MFI of mutants with different lengths 

of the GAPDH promoter were compared: full-length (1571 base pairs), 1137bp, 757bp, 550bp, and 

pGAPDH without its 5' untranslated region (5'UTR). Through an initial FACS screen, the MFI of 550bp-

GAPDH promoter mutants was below or equal to the autofluorescence threshold of wildtype cells (data 

not shown). Then, five randomly selected transformants with full-length promoters, 1137bp, 75bp, and 

without the pGAPDH 5'UTR region were cultured in a YPD selective medium (pH 7.8). OD660nm was set to 

0.1 and cultured at 37°C for 24h to achieve exponential growth. Yeast cells were fixed with 2% 

paraformaldehyde for 15 minutes at 4°C, and thirty thousand events were captured using FACS. The 

singlet MFI of each condition was measured and compared. Wildtype yeast cells at each period were used 

to determine the autofluorescence threshold. 

Statistical analysis 

The promoters' evaluation data were obtained on a BD FACS LSRII instrument (B.D. Biosciences) 

and processed using FlowJo© v.10 software (Tree Star Inc., https://www.flowjo.com/). Data are reported 

as the mean ± standard error of the mean (SEM) of at least two independent assays with two or three 

replicates. The statistical analysis was performed using GraphPad Prism Software version 8.0 (GraphPad 

Software Inc, California, USA, https://www.graphpad.com/scientific-software/prism/). The normality 

assumptions were assessed in all cases using the Shapiro-Wilk test. The MFI differences between 

promoters in different periods were evaluated using Two-Way ANOVA. Statistically significant values are 

indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. 

https://www.flowjo.com/
https://www.graphpad.com/scientific-software/prism/
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Results and Discussion 

Fluorescent tag S. brasiliensis strains 

To optimize an ectopic gene expression in Sporothrix mutants, we evaluated two promoters from 

S. brasiliensis, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and histone 2A (H2A). Both of these 

genes are known in other systems to be driven by strong promoters where pGAPDH is constitutive, and 

pH2A expression is associated with the growth phase. GAPDH is a catalytic enzyme involved in glycolysis 

(110), and at least one copy of this highly expressed gene is present in several filamentous and thermally 

dimorphic fungi (111,112). The GAPDH promoter in yeast, TDH3, exhibits high transcriptional activity 

(113–115). H2A is a histone protein essential for chromatin organization, and its promoter has already 

been used to drive gene expression in other systems (116–118). Through the ATMT protocol, we 

produced tagged strains expressing green fluorescence protein (GFP) or red fluorescence protein 

(mCherry) with the promoter GAPDH and expressing red fluorescence protein (mCherry) with the 

promoter H2A that is stable both at yeast and mycelium forms (Figure 18). Moreover, similar to other 

organisms, our data show that these proteins are localized in the cytosol when expressed without any 

localization target. 

 

Figure 18. Analysis of different S. brasiliensis transformant promotors through GFP and 

mCherry gene expression. (A) Fluorescence microscopic analysis of randomly selected S. brasiliensis 

transformant expressing GFP (promoter GAPDH) during both yeast and mycelium phases, through Bright 
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field and FITC channels. The scale bar equals 10µm for all images. (B) Fluorescence microscopic analysis 

of randomly selected S. brasiliensis transformants expressing mCherry (promoter GAPDH) during both 

yeast and mycelium phases, through Bright field and TRITC channels. The scale bar equals 10µm for all 

images. (C) Fluorescence microscopic analysis of randomly selected S. brasiliensis transformants 

expressing mCherry (promoter H2A) during both yeast and mycelium phases, through Bright field and 

TRITC channels. The scale bar equals 10µm for all images. 

Promoters' comparison in S. brasiliensis gene expression  

Then, to further characterize the ectopic gene expression in Sporothrix transformants, we compared by 

flow cytometry the mean fluorescence intensity (MFI) of the red fluorescence driven by either pGAPDH or 

pH2A during batch growth in glucose medium. Our data show that the pGAPDH promoter had a higher 

MFI during all phases of growth when compared with that obtained for pH2A (p≤0.0001, Figure 19). 

Furthermore, no difference in red fluorescence was detected throughout both exponential and stationary 

growth phases with the pGAPDH promoter, while the MFI of the pH2A decreased at the later stage of the 

exponential growth (50h of incubation; p≤0.0126, Figure 19).  
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Figure 19. Differences between pGAPDH and pH2A promoters in S. brasiliensis mCherry 

expression. Data depicts the OD660nm ± SEM, illustrated as dots, correlated with the mean of MFI 
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expressed by pGAPDH and pH2A promoters through time (n=5), demonstrated as squares and triangles, 

respectively. The pGAPDH promoter had a higher MFI than the pH2A promoter at all time points 

(p<0.0001). Two-Way ANOVA determined statistically significant data by Sidak's multiple comparisons 

test****(p<0.0001), *(p<0.5).  

Gene expression evaluation in a different version of the GAPDH promoter in S. brasiliensis 

For cloning plasmids their size can affect their gene transfer efficiency (119) as well as are more 

likely to contain potentially unstable regions (120). Therefore, in molecular biology the reduction of all the 

plasmid features to the smallest lenth regions are essential. Promoters are known to have, in general, 

three regions: the core, upstream activating sequence (UAS), and 5' untranslated region (5'UTR) (120). 

The core promoter region in eukaryotes is located most proximal to the start codon and contains the RNA 

polymerase binding site, TATA box (121), while other areas can be responsible for regulatory and 

transcription roles. Consequently, we compared GFP expression using different sizes of the GAPDH 

promoter. Knowing that this promoter drives gene expression at a constitutive level throughout the distinct 

phases of the growth curve, we compared MFI for all constructs only at the exponential growth phase. As 

shown in Figure 20, only the full-length pGAPDH mutants had a significantly higher MFI than wildtype cell 

autofluorescence (p<0.0001). The 5'UTR is a DNA regulatory region located at the 5' end of all protein-

coding genes transcribed into mRNA. It contains several regulatory components that may be essential in 

controlling translation (120). Removal of this region severely affected GFP expression (Figure 20, 

p<0.0001). Together, these results support the conclusion that the full-length pGAPDH we selected 

initially drives the strongest expression level in S. brasiliensis transformants. 

 

Figure 20. GFP expression differences between GAPDH promoter size. Full-length, 1100bp, 

800bp, and pGAPDH without 5'UTR in S. brasiliensis. Bars depict the mean ± SEM number of MFI per 

condition (n=5).  
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Fluorescent proteins fusion constructions in S. brasiliensis 

To create several fluorescent tag strains from the S. brasiliensis ATCC MYA-4823 strain, plasmids 

were developed with the pGAPDH promoter, fluorescent proteins (GFP or mCherry), and a linker sequence 

(Figure 21).  

 

Figure 21. Plasmids schematization with the GAPDH promoter, cleavage site (AvrII), linker, 

and fluorescence protein. (A) Plasmid with promoter GAPDH, AvrII digestion site, linker sequence, 

and GFP. (B) Plasmid with promoter GAPDH, AvrII digestion site, linker sequence, and mCherry. 

 

The linker sequences are known to contribute to achieving stable conformations in 

chimeric fusion proteins, allowing the construction of in-frame protein fusion. In this line, with the 

plasmids, we could insert any localization signal, short peptide sequences that act as signal fragments, 

mediating their transport from the cytoplasm into the targeted region (91,92), or any protein. To evaluate 

its localization as proof of principle, we chose the H2A gene (gene encoding nuclear proteins) that has 

already been successfully used in another fungus (122). We cloned it between the pGAPDH promoter 

and fluorescent proteins creating the plasmids pGAPDH::H2A::GFP and pH2A::H2A::mCherry, leading to 
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N-terminal in-frame fusions. After sequencing, these plasmids were used in ATMT transformations to 

successfully produce the nucleus fluorescent tag strains from the S. brasiliensis.  

Upon microscopic analysis, the positive transformants, resistant to hygromycin, exhibited a bright 

fluorescent signal. The co-localization of the DAPI stain demonstrated that both pGAPDH::H2A::GFP and 

S. brasiliensis pH2A::H2A::mCherry transformants expressed the fluorescence protein in the nucleus 

(Figure 22).  

 

Figure 22. S. brasiliensis tag strains expressing fluorescent proteins in the nucleus. The 

scale bar equals 10µm for all images. The merged images show high co-localization between GFP and 

mCherry expressions with the DAPI (4[prime],6-diamidino-2-phenylindole) nuclei staining. (A) 

Fluorescence microscopic analysis of pGAPDH::H2A::GFP isolates, expressing GFP in the nucleus during 

yeast and mycelium phases. (B) Fluorescence microscopic analysis of pH2A::H2A::mCherry isolate, 

expressing mCherry in the nucleus during both yeast and mycelium phases. The merged images show 

high co-localization between GFP and mCherry expressions with the DAPI (4[prime],6-diamidino-2-

phenylindole) nuclei staining.  
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For the mitochondrial localization genes, we chose following the same way as we decided on the 

H2A gene. The TIM16 or Pam16 is a subunit of the translocase of the inner mitochondrial membrane, 

which localizes mainly to the internal boundary membrane. TOM6 is a component of the TOM (translocase 

of outer membrane) receptor complex responsible for recognizing and translocating cytosolically 

synthesized mitochondrial preproteins. They are genes previously used to produce tagged strains 

transformants (123–125). The plasmids with pGAPDH::TIM16::mCherry, pGAPDH::TIM16::GFP, and 

pGAPDH::TOM6::GFP were successfully produced as the previous ones, but it was not yet possible to 

carry out the ATMT protocol to verify if the chosen strategy will be successful in carrying out the 

mitochondrial localization in the transformants. 

Conclusion 

The GAPDH constitutive promoter exhibited a higher gene expression and is a promising 

candidate for stablishing the CRISPR/Cas9 system in S. brasiliensis. This promoter together with AvrII 

restriction enzyme were used to create several S. brasiliensis fluorescent strains, expressing the 

fluorescent proteins GFP or mCherry, either attached or not to localization genes, which guided these 

fluorescent proteins into specific organelles, such as the nucleus. Taken together, our results confirm the 

success of easy-to-edit protocol to build a set of S. brasiliensis transformants using ATMT and plasmid 

construction techniques. These techniques allow us to create a set of mutants to tag and analyze the 

structure, function, and dynamics of S. brasiliensis possible virulence factors, thus helping to unravel 

pathogenicity of this microorganism. 
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CHAPTER 5 – General discussion and 

further perspectives  
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Sporotrichosis is the most prevalent and distributed subcutaneous mycosis globally (5). This 

disease is endemic and caused by the dimorphic fungus of the genus Sporothrix, within the order 

Ophiostomatales, generally associated with non-pathogenic environmental fungi strongly related to the 

decomposition of wood, plants, and soil (15). However, members of this genus are successful thermally 

dimorphic mammalian pathogens, causative agents of human and animal sporotrichosis (1,3,10,15). 

The mechanisms responsible for this are still poorly described and need further studies (7,8). S. 

brasiliensis is particularly reported as the most virulent species, exhibiting the worst clinical manifestations 

(7,8), and driver hyperendemic situations in Brazil. Virulence factors from this species are unknown, and 

the resistance to antifungal drugs is increasingly being reported (18,126).  

The development of genetic editing techniques is essential and valuable for studying and 

understanding these poorly described mechanisms. For example, the CRISPR/Cas9 gene editing system, 

which involves the activity of ribozymes to generate the active sgRNA, and when co-expressed with Cas9, 

the target sequence is modified (70) allowing the creation of mutant with the desired gene edition. The 

development of the CRISPR/Cas9 techniques in S. brasiliensis would be necessary as a gene-editing tool 

that can help uncover and enlighten underlying mechanisms and was our first aim in Chapter 3. To that, 

we used the pPTS608-Cas9-Hyg plasmid with the TEF1-αpromoter. Even though the TEF1-αpromoter 

has already been reported as a suitable promoter to express the CRISPR/Cas9 system in filamentous 

and dimorphic fungi (67,70), our data show that it is unable to drive the CRISPR/Cas9 gene expression 

in the S. brasiliensis biological system. For this reason, the use of the promoters GAPDH or H2A presented 

in Chapter 4, may be a possible and quick strategy to be used in the optimization of the CRISPR/Cas9 

system in the S. brasiliensis. 

The Chapter 4 focused on a creation of a genetic toolbox, allowing the development of a set of 

transformants with fluorescence proteins that can be used in future studies. Through the ATMT protocol, 

we successfully produced transformants expressing GFP or mCherry in the cytoplasm and nucleus with 

the GAPDH and H2A promoters. The pGAPDH had a higher gene expression in the transformants. 

Fluorescent proteins are a powerful tool that enable research experimentation with living cells (82,83). 

The created S. brasiliensis fluorescent tag strains be used in fungicidal and phagocytosis assays. Due to 

the fluorescence proteins, mitotic stability can be evaluated through flow cytometry, and the transformants 

can be used for subsequent transformations. 

In a short time, using easy-to-edit plasmids, we can test various localization signals, such as those 

related to mitochondria (whose plasmids have already been produced). And after its optimization, 
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subsequent oxidative stress studies could be performed, allowing their mitochondria characterization and 

quantification.  

Together, our results confirm the easy and adaptable protocol's success in constructing a set of 

S. brasiliensis transformants through ATMT and plasmid construction techniques. The creation of a 

genetic toolbox, allowing the development of a set of transformants, can be used in future studies to help 

unravel S. brasiliensis' poorly understood virulence mechanisms. In the future, we aim to use the pGAPDH 

promoter to express the CRISPR/CAS9 machinery in the S. brasiliensis biological system. Using the 

auxotrophic selection marker 5-FOA and the same sgRNA, we intend to transform and select 

SPBR_01718- transformants and evaluate the gene deletion through genome sequencing. In fact, our 

group has recently performed a dual RNA-sequencing on macrophages infected with S. brasiliensis and 

S. schenckii aiming to identify potential virulence factors that provide a competitive advantage to S. 

brasiliensis. This approach has revealed a specific transcriptome signature of S. brasiliensis absent in S. 

schenckii, where sialidase-1 was identified on the top list of the up-regulated genes (upregulation of 700-

fold). This work lay the foundations for the creation and characterization of transformants that overexpress 

or silence sialidase-1 through an optimized CRISPR/CAS9 system might help explain S. brasiliensis 

increased virulence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 

1. Rodrigues AM, della Terra PP, Gremião ID, Pereira SA, Orofino-Costa R, de Camargo ZP. The threat of 

emerging and re-emerging pathogenic Sporothrix species. Mycopathologia. 2020 Oct 12;185(5):813–

42.  

2. Barros MB de L, de Almeida Paes R, Schubach AO. Sporothrix schenckii and Sporotrichosis. Clin 

Microbiol Rev. 2011 Oct;24(4):633–54.  

3. Zhang Y, Hagen F, Stielow B, Rodrigues AM, Samerpitak K, Zhou X, et al. Phylogeography and 

evolutionary patterns in &lt;I&gt;Sporothrix&lt;/I&gt; spanning more than 14 000 human and animal 

case reports. Persoonia - Molecular Phylogeny and Evolution of Fungi. 2015 Dec 23;35(1):1–20.  

4. Madrid IM, Mattei AS, Fernandes CG, de Oliveira Nobre M, Meireles MCA. Epidemiological Findings and 

Laboratory Evaluation of Sporotrichosis: A Description of 103 Cases in Cats and Dogs in Southern 

Brazil. Mycopathologia. 2012 Apr 6;173(4):265–73.  

5. Queiroz-Telles F, Fahal AH, Falci DR, Caceres DH, Chiller T, Pasqualotto AC. Neglected endemic 

mycoses. Lancet Infect Dis. 2017 Nov;17(11):e367–77.  

6. Orofino-Costa R, Macedo PM de, Rodrigues AM, Bernardes-Engemann AR. Sporotrichosis: an update on 

epidemiology, etiopathogenesis, laboratory and clinical therapeutics. An Bras Dermatol. 

2017;92(5):606–20.  

7. Arrillaga-Moncrieff I, Capilla J, Mayayo E, Marimon R, Marine M, Genis J, et al. Different virulence levels 

of the species of Sporothrix in a murine model. Clinical Microbiology and Infection. 2009 

Jul;15(7):651–5.  

8. Rodrigues AM, de Hoog GS, de Camargo ZP. Sporothrix Species Causing Outbreaks in Animals and 

Humans Driven by Animal–Animal Transmission. PLoS Pathog. 2016 Jul 14;12(7):e1005638.  

9. Chakrabarti A, Bonifaz A, Gutierrez-Galhardo MC, Mochizuki T, Li S. Global epidemiology of 

sporotrichosis. Med Mycol. 2015 Jan 1;53(1):3–14.  

10. Silva MBT da, Costa MM de M, Torres CC da S, Galhardo MCG, Valle ACF do, Magalhães M de AFM, et 

al. Esporotricose urbana: epidemia negligenciada no Rio de Janeiro, Brasil. Cad Saude Publica. 2012 

Oct;28(10):1867–80.  

11. Lloret A, Hartmann K, Pennisi MG, Ferrer L, Addie D, Belák S, et al. Sporotrichosis in cats: ABCD 

guidelines on prevention and management. J Feline Med Surg. 2013 Jul;15(7):619–23.  

12. Hektoen L, Perkins CF. REFRACTORY SUBCUTANEOUS ABSCESSES CAUSED BY SPOROTHRIX 

SCHENCKII. A NEW PATHOGENIC FUNGUS. Journal of Experimental Medicine. 1900 Oct 1;5(1):77–

89.  

13. Hassan K, Turker T, Zangeneh T. Disseminated sporotrichosis in an immunocompetent patient. Case 

Reports Plast Surg Hand Surg. 2016;3(1):44–7.  

14. Silva-Vergara ML, Maneira FRZ, de Oliveira RM, Santos CTB, Etchebehere RM, Adad SJ. Multifocal 

sporotrichosis with meningeal involvement in a patient with AIDS. Med Mycol. 2005 Mar;43(2):187–90.  

15. Gremião IDF, Miranda LHM, Reis EG, Rodrigues AM, Pereira SA. Zoonotic Epidemic of Sporotrichosis: 

Cat to Human Transmission. PLoS Pathog [Internet]. 2017 Jan 19;13(1):e1006077-. Available from: 

https://doi.org/10.1371/journal.ppat.1006077 

16. Alba-Fierro CA, Pérez-Torres A, Toriello C, Romo-Lozano Y, López-Romero E, Ruiz-Baca E. Molecular 

Components of the Sporothrix schenckii Complex that Induce Immune Response. Curr Microbiol. 2016 

Aug 27;73(2):292–300.  

17. Montenegro H, Rodrigues AM, Dias MAG, da Silva EA, Bernardi F, de Camargo ZP. Feline sporotrichosis 

due to Sporothrix brasiliensis: an emerging animal infection in São Paulo, Brazil. BMC Vet Res. 2014 

Dec 19;10(1):269.  



48 

18. Rodrigues AM, de Hoog GS, de Cássia Pires D, Brihante RSN, da Costa Sidrim JJ, Gadelha MF, et al. 

Genetic diversity and antifungal susceptibility profiles in causative agents of sporotrichosis. BMC Infect 

Dis. 2014 Dec 23;14(1):219.  

19. Fernandes GF, dos Santos PO, Rodrigues AM, Sasaki AA, Burger E, de Camargo ZP. Characterization of 

virulence profile, protein secretion and immunogenicity of different Sporothrix schenckii sensu stricto 

isolates compared with S. globosa and S. brasiliensis species. Virulence. 2013 Apr 27;4(3):241–9.  

20. Fernandes GF, Santos PO dos, Amaral CC do, Sasaki AA, Godoy-Martinez P, Camargo ZP de. 

Characteristics of 151 Brazilian Sporothrix schenckii Isolates from 5 Different Geographic Regions of 

Brazil: A Forgotten and Re-Emergent Pathogen. Open Mycol J. 2009 Aug 3;3(1):48–58.  

21. Rodrigues AM, de Melo Teixeira M, de Hoog GS, Schubach TMP, Pereira SA, Fernandes GF, et al. 

Phylogenetic Analysis Reveals a High Prevalence of Sporothrix brasiliensis in Feline Sporotrichosis 

Outbreaks. PLoS Negl Trop Dis. 2013 Jun 20;7(6):e2281.  

22. Sasaki AA, Fernandes GF, Rodrigues AM, Lima FM, Marini MM, dos S. Feitosa L, et al. Chromosomal 

Polymorphism in the Sporothrix schenckii Complex. PLoS One. 2014 Jan 23;9(1):e86819.  

23. Zhao M dan, Zhou X, Liu T ting, Yang Z bang. Morphological and physiological comparison of taxa 

comprising the Sporothrix schenckii complex. Journal of Zhejiang University-SCIENCE B. 2015 Nov 

11;16(11):940–7.  

24. Brilhante RSN, Rodrigues AM, Sidrim JJC, Rocha MFG, Pereira SA, Gremião IDF, et al. In vitro 

susceptibility of antifungal drugs against Sporothrix brasiliensis recovered from cats with sporotrichosis 

in Brazil: Table 1. Med Mycol. 2016 Mar 1;54(3):275–9.  

25. Téllez MD, Batista-Duharte A, Portuondo D, Quinello C, Bonne-Hernández R, Carlos IZ. Sporothrix 

schenckii complex biology: environment and fungal pathogenicity. Microbiology (N Y). 2014 Nov 

1;160(11):2352–65.  

26. Tapia Noriega C, Rivera Garay R, Sabanero G, Trejo Basurto R, Sabanero López M. [Sporothrix 

schenckii: cultures in different soils]. Rev Latinoam Microbiol (1958). 1993;35(2):191–4.  

27. Oliveira MME, Almeida-Paes R, Gutierrez-Galhardo MC, Zancope-Oliveira RM. Molecular identification of 

the Sporothrix schenckii complex. Rev Iberoam Micol. 31(1):2–6.  

28. Pereira SA, Passos SRL, Silva JN, Gremião IDF, Figueiredo FB, Teixeira JL, et al. Response to azolic 

antifungal agents for treating feline sporotrichosis. Vet Rec. 2010 Mar 6;166(10):290–4.  

29. Gremião IDF, Menezes RC, Schubach TMP, Figueiredo ABF, Cavalcanti MCH, Pereira SA. Feline 

sporotrichosis: epidemiological and clinical aspects. Med Mycol. 2015 Jan;53(1):15–21.  

30. Ramos-e-Silva M, Vasconcelos C, Carneiro S, Cestari T. Sporotrichosis. Clin Dermatol. 

2007;25(2):181–7.  

31. Chaves AR, de Campos MP, Barros MBL, do Carmo CN, Gremião IDF, Pereira SA, et al. Treatment 

abandonment in feline sporotrichosis - study of 147 cases. Zoonoses Public Health. 2013 

Mar;60(2):149–53.  

32. Schubach TMP, Schubach A, Okamoto T, Barros MBL, Figueiredo FB, Cuzzi T, et al. Evaluation of an 

epidemic of sporotrichosis in cats: 347 cases (1998-2001). J Am Vet Med Assoc. 2004 May 

15;224(10):1623–9.  

33. Ferreira C, Almeida A, Paes R, Corte-Real S. Zoonotic Sporotrichosis Epidemic Affects Children in Brazil. 

J Pediatr Infect Dis. 2015 Jul 3;10(01):025–6.  

34. Schubach A, Barros MB de L, Wanke B. Epidemic sporotrichosis. Curr Opin Infect Dis. 2008 

Apr;21(2):129–33.  



49 

35. Lecca LO, Paiva MT, de Oliveira CSF, Morais MHF, de Azevedo MI, Bastos C de V e, et al. Associated 

factors and spatial patterns of the epidemic sporotrichosis in a high density human populated area: A 

cross-sectional study from 2016 to 2018. Prev Vet Med. 2020 Mar;176:104939.  

36. BARROS MBL, SCHUBACH AO, SCHUBACH TMP, WANKE B, LAMBERT-PASSOS SR. An epidemic of 

sporotrichosis in Rio de Janeiro, Brazil: epidemiological aspects of a series of cases. Epidemiol Infect. 

2008 Sep 21;136(9):1192–6.  

37. de Araujo ML, Rodrigues AM, Fernandes GF, de Camargo ZP, de Hoog GS. Human sporotrichosis 

beyond the epidemic front reveals classical transmission types in Espírito Santo, Brazil. Mycoses. 2015 

Aug;58(8):485–90.  

38. de Miranda L, Silva J, Gremião I, Menezes R, Almeida-Paes R, dos Reis É, et al. Monitoring Fungal 

Burden and Viability of Sporothrix spp. in Skin Lesions of Cats for Predicting Antifungal Treatment 

Response. Journal of Fungi. 2018 Aug 7;4(3):92.  

39. McCarty TP, Pappas PG. The Evolving Epidemiology of Sporotrichosis. Curr Fungal Infect Rep. 2014 

Dec 22;8(4):255–61.  

40. Pereira SA, Gremião IDF, Kitada AAB, Boechat JS, Viana PG, Schubach TMP. The epidemiological 

scenario of feline sporotrichosis in Rio de Janeiro, State of Rio de Janeiro, Brazil. Rev Soc Bras Med 

Trop. 2013;47(3):392–3.  

41. Gremião IDF, Martins da Silva da Rocha E, Montenegro H, Carneiro AJB, Xavier MO, de Farias MR, et 

al. Guideline for the management of feline sporotrichosis caused by Sporothrix brasiliensis and literature 

revision. Braz J Microbiol. 2021 Mar;52(1):107–24.  

42. Dale J (Jeremy W), Schantz M von., Plant Nick. From genes to genomes : concepts and applications of 

DNA technology. 3rd Edition. Wiley-Blackwell; 2012. 386 p.  

43. Li D, Tang Y, Lin J, Cai W. Methods for genetic transformation of filamentous fungi. Microb Cell Fact. 

2017 Dec 3;16(1):168.  

44. dos Reis MC, Pelegrinelli Fungaro MH, Delgado Duarte RT, Furlaneto L, Furlaneto MC. Agrobacterium 

tumefaciens-mediated genetic transformation of the entomopathogenic fungus Beauveria bassiana. J 

Microbiol Methods. 2004 Aug;58(2):197–202.  

45. Newell CA. Plant transformation technology. Developments and applications. Mol Biotechnol. 2000 

Sep;16(1):53–65.  

46. Michielse CB, J Hooykaas PJ, J J van den Hondel CAM, J Ram AF. Agrobacterium-mediated 

transformation of the filamentous fungus Aspergillus awamori. Nat Protoc. 2008 Oct 2;3(10):1671–8.  

47. Smith EF, Townsend CO. A Plant-Tumor of Bacterial Origin. Science (1979). 1907 Apr 

26;25(643):671–3.  

48. Lacroix B, Tzfira T, Vainstein A, Citovsky V. A case of promiscuity: Agrobacterium’s endless hunt for new 

partners. Trends in Genetics. 2006 Jan;22(1):29–37.  

49. Lozoya-Pérez NE, Casas-Flores S, Martínez-Álvarez JA, López-Ramírez LA, Lopes-Bezerra LM, Franco B, 

et al. Generation of Sporothrix schenckii mutants expressing the green fluorescent protein suitable for 

the study of host-fungus interactions. Fungal Biol. 2018 Oct;122(10):1023–30.  

50. Tamez-Castrellón AK, Romo-Lucio R, Martínez-Duncker I, Mora-Montes HM. Generation of a synthetic 

binary plasmid that confers resistance to nourseothricin for genetic engineering of Sporothrix schenckii. 

Plasmid. 2018 Nov;100:1–5.  

51. Zhang Y, Li G, He D, Yu B, Yokoyama K, Wang L. Efficient insertional mutagenesis system for the 

dimorphic pathogenic fungus Sporothrix schenckii using Agrobacterium tumefaciens. J Microbiol 

Methods. 2011 Mar;84(3):418–22.  



50 

52. Kunik T, Tzfira T, Kapulnik Y, Gafni Y, Dingwall C, Citovsky V. Genetic transformation of HeLa cells by 

Agrobacterium. Proc Natl Acad Sci U S A. 2001 Feb 13;98(4):1871–6.  

53. Bundock P, den Dulk-Ras A, Beijersbergen A, Hooykaas PJ. Trans-kingdom T-DNA transfer from 

Agrobacterium tumefaciens to Saccharomyces cerevisiae. EMBO J. 1995 Jul;14(13):3206–14.  

54. de Groot MJA, Bundock P, Hooykaas PJJ, Beijersbergen AGM. Agrobacterium tumefaciens-mediated 

transformation of filamentous fungi. Nat Biotechnol. 1998 Sep 1;16(9):839–42.  

55. Ferreira B. Sporothrix brasiliensis – From the genome to the phenotype. . [Braga]: University of Minho.; 

2018.  

56. Gauthier GM, Sullivan TD, Gallardo SS, Brandhorst TT, vanden Wymelenberg AJ, Cuomo CA, et al. 

SREB, a GATA Transcription Factor That Directs Disparate Fates in Blastomyces dermatitidis Including 

Morphogenesis and Siderophore Biosynthesis. PLoS Pathog. 2010 Apr 1;6(4):e1000846.  

57. Zemska O, Rappleye CA. Agrobacterium-mediated insertional mutagenesis in Histoplasma capsulatum. 

Methods Mol Biol. 2012;845:51–66.  

58. Wang JY, Li HY. Agrobacterium tumefaciens-mediated genetic transformation of the phytopathogenic 

fungus Penicillium digitatum. J Zhejiang Univ Sci B. 2008 Oct;9(10):823–8.  

59. Menino JF, Almeida AJ, Rodrigues F. Gene knockdown in Paracoccidioides brasiliensis using antisense 

RNA. Methods Mol Biol. 2012;845:187–98.  

60. Fernandes FF, Oliveira AF, Landgraf TN, Cunha C, Carvalho A, Vendruscolo PE, et al. Impact of 

Paracoccin Gene Silencing on Paracoccidioides brasiliensis Virulence. mBio. 2017 Sep 6;8(4).  

61. Almeida AJ, Carmona JA, Cunha C, Carvalho A, Rappleye CA, Goldman WE, et al. Towards a molecular 

genetic system for the pathogenic fungus Paracoccidioides brasiliensis. Fungal Genet Biol. 2007 

Dec;44(12):1387–98.  

62. Sugui JA, Chang YC, Kwon-Chung KJ. Agrobacterium tumefaciens-mediated transformation of 

Aspergillus fumigatus: an efficient tool for insertional mutagenesis and targeted gene disruption. Appl 

Environ Microbiol. 2005 Apr;71(4):1798–802.  

63. Mojica FJM, Rodriguez-Valera F. The discovery of CRISPR in archaea and bacteria. FEBS J. 

2016;283(17):3162–9.  

64. Aksoy E, Yildirim K, Kavas M, Kayihan C, Yerlikaya BA, Çalik I, et al. General guidelines for 

CRISPR/Cas-based genome editing in plants. Mol Biol Rep. 2022 Sep 15;  

65. Jiang F, Doudna JA. The structural biology of CRISPR-Cas systems. Curr Opin Struct Biol [Internet]. 

2015;30:100–11. Available from: 

https://www.sciencedirect.com/science/article/pii/S0959440X15000111 

66. Zhang Y, Malzahn AA, Sretenovic S, Qi Y. The emerging and uncultivated potential of CRISPR 

technology in plant science. Nat Plants [Internet]. 2019;5(8):778–94. Available from: 

https://doi.org/10.1038/s41477-019-0461-5 

67. Nødvig CS, Nielsen JB, Kogle ME, Mortensen UH. A CRISPR-Cas9 System for Genetic Engineering of 

Filamentous Fungi. PLoS One. 2015 Jul 15;10(7):e0133085.  

68. Deshpande K, Vyas A, Balakrishnan A, Vyas D. Clustered Regularly Interspaced Short Palindromic 

Repeats/Cas9 Genetic Engineering: Robotic Genetic Surgery. Am J Robot Surg. 2015 Dec 1;2(1):49–

52.  

69. Sánchez-Rivera FJ, Jacks T. Applications of the CRISPR-Cas9 system in cancer biology. Nat Rev Cancer. 

2015 Jul;15(7):387–95.  

70. Kujoth GC, Sullivan TD, Merkhofer R, Lee TJ, Wang H, Brandhorst T, et al. CRISPR/Cas9-Mediated 

Gene Disruption Reveals the Importance of Zinc Metabolism for Fitness of the Dimorphic Fungal 

Pathogen Blastomyces dermatitidis. mBio. 2018 May 2;9(2).  



51 

71. Zeballos C MA, Gaj T. Next-Generation CRISPR Technologies and Their Applications in Gene and Cell 

Therapy. Trends Biotechnol. 2021;39(7):692–705.  

72. Li W, Huang C, Chen J. The application of CRISPR /Cas mediated gene editing in synthetic biology: 

Challenges and optimizations. Front Bioeng Biotechnol. 2022 Aug 25;10.  

73. Cai G, Lin Z, Shi S. Development and expansion of the CRISPR/Cas9 toolboxes for powerful genome 

engineering in yeast. Enzyme Microb Technol [Internet]. 2022;159:110056. Available from: 

https://www.sciencedirect.com/science/article/pii/S0141022922000758 

74. Antony JS, Hinz JM, Wyrick JJ. Tips, Tricks, and Potential Pitfalls of CRISPR Genome Editing in 

Saccharomyces cerevisiae. Front Bioeng Biotechnol. 2022;10:924914.  

75. Uthayakumar D, Sharma J, Wensing L, Shapiro RS. CRISPR-Based Genetic Manipulation of Candida 

Species: Historical Perspectives and Current Approaches. Front Genome Ed. 2020;2:606281.  

76. Jin FJ, Wang BT, Wang ZD, Jin L, Han P. CRISPR/Cas9-Based Genome Editing and Its Application in 

Aspergillus Species. J Fungi (Basel). 2022 Apr 30;8(5).  

77. Mora-Montes HM, Dantas A da S, Trujillo-Esquivel E, de Souza Baptista AR, Lopes-Bezerra LM. Current 

progress in the biology of members of the Sporothrix schenckii complex following the genomic era. 

FEMS Yeast Res. 2015 Sep;15(6).  

78. Teixeira MM, de Almeida LGP, Kubitschek-Barreira P, Alves FL, Kioshima ES, Abadio AKR, et al. 

Comparative genomics of the major fungal agents of human and animal Sporotrichosis: Sporothrix 

schenckii and Sporothrix brasiliensis. BMC Genomics. 2014 Oct 29;15:943.  

79. Monici M. Cell and tissue autofluorescence research and diagnostic applications. In 2005. p. 227–56.  

80. Kain SR. Green fluorescent protein (GFP): applications in cell-based assays for drug discovery. Drug 

Discov Today. 1999 Jul;4(7):304–12.  

81. Duwé S, Dedecker P. Optimizing the fluorescent protein toolbox and its use. Curr Opin Biotechnol. 

2019 Aug;58:183–91.  

82. Matz M v., Lukyanov KA, Lukyanov SA. Family of the green fluorescent protein: Journey to the end of 

the rainbow. BioEssays. 2002 Oct;24(10):953–9.  

83. Misteli T, Spector DL. Applications of the green fluorescent protein in cell biology and biotechnology. 

Nat Biotechnol. 1997 Oct;15(10):961–4.  

84. Lipták N, Bősze Z, Hiripi L. GFP transgenic animals in biomedical research: a review of potential 

disadvantages. Physiol Res. 2019 Aug 27;525–30.  

85. Sheen J, Hwang S, Niwa Y, Kobayashi H, Galbraith DW. Green-fluorescent protein as a new vital marker 

in plant cells. The Plant Journal. 1995 Nov;8(5):777–84.  

86. Perez JT, García‐Sastre A, Manicassamy B. Insertion of a GFP Reporter Gene in Influenza Virus. Curr 

Protoc Microbiol. 2013 May;29(1).  

87. McDevitt JJ, Lees PSJ, Merz WG, Schwab KJ. Use of Green Fluorescent Protein-Expressing Aspergillus 
fumigatus conidia to Validate Quantitative PCR Analysis of Air Samples Collected on Filters. J Occup 

Environ Hyg. 2005 Dec;2(12):633–40.  

88. Wu L, Yuan YW, Jiang XG, Fu XL, Lu ZX, Tu GH, et al. [Stable green fluorescent protein expression in 

Toxoplasma gondii mutant]. Zhongguo Ji Sheng Chong Xue Yu Ji Sheng Chong Bing Za Zhi. 2011 

Dec;29(6):439–42.  

89. Shaner NC, Campbell RE, Steinbach PA, Giepmans BNG, Palmer AE, Tsien RY. Improved monomeric 

red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat 

Biotechnol. 2004 Dec 21;22(12):1567–72.  



52 

90. Heppert JK, Dickinson DJ, Pani AM, Higgins CD, Steward A, Ahringer J, et al. Comparative assessment 

of fluorescent proteins for in vivo imaging in an animal model system. Mol Biol Cell. 2016 Nov 

7;27(22):3385–94.  

91. Lu J, Wu T, Zhang B, Liu S, Song W, Qiao J, et al. Types of nuclear localization signals and mechanisms 

of protein import into the nucleus. Cell Communication and Signaling [Internet]. 2021;19(1):60. 

Available from: https://doi.org/10.1186/s12964-021-00741-y 

92. Bacman SR, Gammage PA, Minczuk M, Moraes CT. Chapter 19 - Manipulation of mitochondrial genes 

and mtDNA heteroplasmy. In: Pon LA, Schon EA, editors. Methods in Cell Biology [Internet]. Academic 

Press; 2020. p. 441–87. Available from: 

https://www.sciencedirect.com/science/article/pii/S0091679X19301591 

93. Boeke JD, Trueheart J, Natsoulis G, Fink GR. 5-Fluoroorotic acid as a selective agent in yeast molecular 

genetics. Methods Enzymol. 1987;154:164–75.  

94. Sbaraini N, Tomazett MV, Penteriche AB, Gonçales RA, Camargo M da S, Bailão AM, et al. An efficient 

Agrobacterium tumefaciens-mediated transformation method for Simplicillium subtropicum 

(Hypocreales: Cordycipitaceae). Genet Mol Biol. 2021;44(3):e20210073.  

95. Lin L, Wang F, Wei D. Chlorimuron ethyl as a new selectable marker for disrupting genes in the insect-

pathogenic fungus Metarhizium robertsii. J Microbiol Methods. 2011 Nov;87(2):241–3.  

96. Blochlinger K, Diggelmann H. Hygromycin B phosphotransferase as a selectable marker for DNA 

transfer experiments with higher eucaryotic cells. Mol Cell Biol. 1984 Dec;4(12):2929–31.  

97. Ulfstedt M, Hu GZ, Johansson M, Ronne H. Testing of Auxotrophic Selection Markers for Use in the 

Moss Physcomitrella Provides New Insights into the Mechanisms of Targeted Recombination. Front 

Plant Sci. 2017 Nov 3;8.  

98. Thermo Scientific. Thermo ScientificTM 5-Fluoroorotic Acid [Internet]. 2012 [cited 2022 Sep 14]. 

Available from: https://www.thermofisher.com/order/catalog/product/R0811#/R0811 

99. Nguyen KT, Ho QN, Do LTBX, Mai LTD, Pham DN, Tran HTT, et al. A new and efficient approach for 

construction of uridine/uracil auxotrophic mutants in the filamentous fungus Aspergillus oryzae using 

Agrobacterium tumefaciens-mediated transformation. World J Microbiol Biotechnol. 2017 Jun 

2;33(6):107.  

100. Lopes-Bezerra LM, Walker LA, Niño-Vega G, Mora-Montes HM, Neves GWP, Villalobos-Duno H, et al. 

Cell walls of the dimorphic fungal pathogens Sporothrix schenckii and Sporothrix brasiliensis exhibit 

bilaminate structures and sloughing of extensive and intact layers. PLoS Negl Trop Dis. 2018 Mar 

9;12(3):e0006169.  

101. Jones HD, Doherty A, Wu H. Review of methodologies and a protocol for the Agrobacterium-mediated 

transformation of wheat. Plant Methods. 2005 Dec 5;1(1):5.  

102. Wang S, Chen H, Wang Y, Pan C, Tang X, Zhang H, et al. Effects of Agrobacterium tumefaciens strain 

types on the Agrobacterium‐ mediated transformation efficiency of filamentous fungus Mortierella 
alpina. Lett Appl Microbiol. 2020 May;70(5):388–93.  

103. García-Nafría J, Watson JF, Greger IH. IVA cloning: A single-tube universal cloning system exploiting 

bacterial In Vivo Assembly. Sci Rep. 2016;6:27459.  

104. den Dulk-Ras A, Hooykaas PJ. Electroporation of Agrobacterium tumefaciens. Methods Mol Biol. 

1995;55:63–72.  

105. Labun K, Montague TG, Krause M, Torres Cleuren YN, Tjeldnes H, Valen E. CHOPCHOP v3: expanding 

the CRISPR web toolbox beyond genome editing. Nucleic Acids Res. 2019;47(W1):W171–4.  

106. Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, Smith HO. Enzymatic assembly of DNA 

molecules up to several hundred kilobases. Nat Methods. 2009 May 12;6(5):343–5.  



53 

107. Green M, Sambrook J. Molecular cloning: a laboratory manual. 4th ed. Vol. 1. New York: Cold Spring 

Harbor Laboratory Press; 2012.  

108. Rizzo MA, Davidson MW, Piston DW. Fluorescent Protein Tracking and Detection: Applications Using 

Fluorescent Proteins in Living Cells. Cold Spring Harb Protoc. 2009 Dec;2009(12):pdb.top64.  

109. Chen F, Li YY, Yu YL, Dai J, Huang JL, Lin J. Simplified plasmid cloning with a universal MCS design 

and bacterial in vivo  assembly. BMC Biotechnol. 2021 Mar;21(1):24.  

110. Ercolani L, Florence B, Denaro M, Alexander M. Isolation and complete sequence of a functional human 

glyceraldehyde-3-phosphate  dehydrogenase gene. J Biol Chem. 1988 Oct;263(30):15335–41.  

111. Lima JO, Pereira JF, Rincones J, Barau JG, Araújo EF, Pereira GAG, et al. The glyceraldehyde-3-

phosphate dehydrogenase gene of Moniliophthoraperniciosa,  the causal agent of witches’ broom 

disease of Theobroma cacao. Genet Mol Biol. 2009 Apr;32(2):362–6.  

112. Rodriguez L, Voorhies M, Gilmore S, Beyhan S, Myint A, Sil A. Opposing signaling pathways regulate 

morphology in response to temperature in the  fungal pathogen Histoplasma capsulatum. PLoS Biol. 

2019 Sep;17(9):e3000168.  

113. Bitter GA, Chang KK, Egan KM. A multi-component upstream activation sequence of the 

Saccharomyces cerevisiae  glyceraldehyde-3-phosphate dehydrogenase gene promoter. Mol Gen Genet. 

1991 Dec;231(1):22–32.  

114. Kuroda S, Otaka S, Fujisawa Y. Fermentable and nonfermentable carbon sources sustain constitutive 

levels of  expression of yeast triosephosphate dehydrogenase 3 gene from distinct promoter elements. J 

Biol Chem. 1994 Feb;269(8):6153–62.  

115. Partow S, Siewers V, Bjørn S, Nielsen J, Maury J. Characterization of different promoters for designing a 

new expression vector in  Saccharomyces cerevisiae. Yeast. 2010 Nov;27(11):955–64.  

116. Tramantano M, Sun L, Au C, Labuz D, Liu Z, Chou M, et al. Constitutive turnover of histone H2A.Z at 

yeast promoters requires the preinitiation complex. Ahringer J, editor. Elife. 2016;5:e14243.  

117. SPINELLI G, DI BERNARDO M, PALLA F, ANELLO L, OLIVERI P, MELFI R, et al. Gene expression during 

early embryogenesis of sea urchin: the histone and homeobox genes. Invertebr Reprod Dev. 1997 Jan 

1;31(1–3):11–9.  

118. Moran L, Norris D, Osley MA. A yeast H2A-H2B promoter can be regulated by changes in histone gene 

copy number. Genes Dev. 1990 May;4(5):752–63.  

119. Kreiss P, Mailhe P, Scherman D, Pitard B, Cameron B, Rangara R, et al. Plasmid DNA size does not 

affect the physicochemical properties of lipoplexes but modulates gene transfer efficiency. Nucleic Acids 

Res. 1999 Oct 1;27(19):3792–8.  

120. Oliveira PH, Prather KJ, Prazeres DMFF, Monteiro GA. Structural instability of plasmid 

biopharmaceuticals: challenges and implications. Trends Biotechnol. 2009 Sep;27(9):503–11.  

121. Le NQK, Yapp EKY, Nagasundaram N, Yeh HY. Classifying Promoters by Interpreting the Hidden 

Information of DNA Sequences via Deep Learning and Combination of Continuous FastText N-Grams. 

Front Bioeng Biotechnol. 2019 Nov 5;7.  

122. Kemppainen M, Chowdhury J, Lundberg-Felten J, Pardo A. Fluorescent protein expression in the 

ectomycorrhizal fungus Laccaria bicolor: a plasmid toolkit for easy use of fluorescent markers in 

basidiomycetes. Curr Genet [Internet]. 2020;66(4):791–811. Available from: 

https://doi.org/10.1007/s00294-020-01060-4 
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