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Abstract 14 
 15 
Anaerobic fungi are powerful platforms for biotechnology that remain unexploited due to a lack of genetic 16 
tools. These gut fungi encode the largest number of lignocellulolytic carbohydrate active enzymes 17 
(CAZymes) in the fungal kingdom, making them attractive for applications in renewable energy and 18 
sustainability. However, efforts to genetically modify anaerobic fungi have remained limited due to inefficient 19 
methods for DNA uptake and a lack of characterized genetic parts. We demonstrate that anaerobic fungi 20 
are naturally competent for DNA and leverage this to develop a nascent genetic toolbox informed by 21 
recently acquired genomes for transient transformation of anaerobic fungi. We validate multiple selectable 22 
markers (HygR and Neo), an anaerobic reporter protein (iRFP702), enolase and TEF1A promoters, TEF1A 23 
terminator, and a nuclear localization tag for protein compartmentalization. This work establishes novel 24 
methods to reliably transform the anaerobic fungus Neocallimastix frontalis, thereby paving the way for 25 
strain development and various synthetic biology applications.  26 
 27 
Keywords: anaerobic gut fungi, transformation, parts, protein localization, gene expression, anaerobic 28 
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Introduction 31 
 Anaerobic gut fungi (AGF; phylum Neocallimastigomycota), native to the digestive tracts of 32 
ruminant and hindgut animals, are primary colonizers of plant biomass that readily degrade crude 33 
lignocellulose.1,2 Gut fungi thrive on a variety of complex plant materials ranging from crude C3 and C4 34 
grasses, which differ in how carbon is fixed during photosynthesis, to untreated agricultural and forestry 35 
residues.3 The ability of gut fungi to efficiently hydrolyze these feedstocks is proposed to be driven by the 36 
high diversity and abundance of carbohydrate active enzymes (CAZymes) encoded by their genomes.4,5 37 
The plethora of CAZymes, combined with the use of extracellular multienzyme lignocellulose-processing 38 
complexes or cellulosomes and the physical penetration of lignocellulosic biomass contribute to high 39 
lignocellulolytic activity.5 Beyond applications in renewable energy technologies, anaerobic fungi may also 40 
be leveraged to identify new natural products as well as intermediates for drop-in biofuels. Multiple analyses 41 
of sequenced gut fungal genomes reveal an abundance of biosynthetic gene clusters encoding genes that 42 
produce uncharacterized natural products.6–8 Together, anaerobic fungi offer a wealth of biotechnological 43 
potential that is only beginning to be realized.9 44 
 Efforts to characterize and tap into this biotechnological potential have revealed many proteins from 45 
anaerobic fungi that offer superior properties that are desirable for industrial processes.10–12 These 46 
industrially relevant properties include thermostability, resistance to protease degradation, and preferential 47 
cofactor requirements, among others.10,13 Additional efforts reveal signaling and/or transport proteins from 48 
gut fungi that may be leveraged as orthogonal systems in model organisms.14–17 However, heterologous 49 
expression of many anaerobic fungal proteins remains challenging due to: 1) differences in host reducing 50 
conditions, which inhibits proper folding18; 2) a compositional bias towards amino acids encoded by AT-rich 51 
codons13, which can present a metabolic burden that is not fully addressed by codon optimization13,19, and 52 
3) glycosylation and other post-translational modifications required for function that are not easily replicated 53 
in model hosts.20 Consequently, developing genetic tools to manipulate AGF proteins in their native context 54 
will enable the discovery of novel anaerobic fungal genes and metabolic products of biotechnological 55 
importance.  56 
 Developing genetic tools and techniques to domesticate non-model organisms is an attractive 57 
strategy for building robust microbial cell factories.21,22 These genetic toolkits at a minimum require efficient 58 
transformation schemes for introduction of nucleic acids, selectable markers and/or reporters to help 59 
validate transformation, and identification of constitutive promoters to drive expression of these genes22. 60 
With this preliminary set of genetic tools, additional parts such as terminator sequences, localization tags, 61 
replication sequences23, and centromeric sequences24 can be identified to enable stable expression, 62 
replication, and partitioning of genetic constructs in vivo.25–27 Development of proper genetic tools enabling 63 
strain engineering efforts in anaerobic fungi has been hampered due to the fragmented nature of currently 64 
available genomes.4,28,29 This high fragmentation is caused by shearing of the genome during lysis of the 65 
thick, chitin rich cell walls28, extremely high genomic AT content that is challenging to assemble4,30, and 66 
large homopolymeric sequences that impede genome assembly and thus annotation.4,30 Beyond genome 67 
assembly and annotation, additional challenges are introduced by the complex lifestyle and life cycle of gut 68 
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fungi.2,31 Anaerobic fungal life cycles begin with a motile flagellated zoospore stage that subsequently 69 
attaches and encysts into plant biomass to initiate a non-motile phase characterized by sporangia and 70 
rhizomycelia.2 This complex alternating lifecycle coupled with an obligate anaerobic nature hinder the use 71 
of traditional transformation methods such as Agrobacterium tumefaciens mediated transformation 32,33 72 
(ATMT), and protoplast-mediated transformation (PT), that are commonly used in aerobic fungi. ATMT does 73 
not occur above 29 °C, well below the growth temperature of anaerobic fungi at 39 °C.32 Moreover, the thick 74 
chitin and glucan rich cell walls of anaerobic fungi significantly impede the efficacy of lytic enzymes 75 
commonly used in protoplast-mediated transformations. Despite these challenges, they are not 76 
insurmountable and there have been limited reports of transient anaerobic fungal transformation. 77 

The feasibility of anaerobic fungal nucleic acid transformation was first demonstrated with harsh 78 
biolistic bombardment of fungal biomass to introduce and transiently express a β-glucuronidase (GUS) 79 
reporter gene.34 While promising results were achieved, this delivery method resulted in high rates of cell 80 
mortality and low transformation efficiencies (~4 transformants/μg DNA), and relied on isolation of fungal 81 
zoospores in preparing cultures for transformation. Thus, gentler, higher throughput methods are needed 82 
to reliably transform and domesticate anaerobic fungi. More recently, it was demonstrated that germinating 83 
zoospores naturally uptake foreign, short RNA sequences (~21 bases).35 This natural competency was 84 
exploited to deliver small interfering RNA (siRNA) targeting the D-lactate dehydrogenase (ldh) gene, 85 
significantly reducing gene expression and thus production of D-lactate. While delivery of siRNAs via natural 86 
competency enabled higher cell survival rates, this protocol is limited to AGF species that can produce a 87 
high concentration of zoospores. However, zoospore quantity is greatly affected by culture age, anaerobic 88 
fungal species, and cultivation conditions. Thus, more efficient transformation strategies, particularly those 89 
that enable uptake of larger nucleic acids and those that are not limited to a specific lifecycle stage are 90 
greatly needed to improve transformation of gut fungi 91 

In this work we establish transformation of anaerobic fungi with deoxyribonucleic acids (DNA) that 92 
exploits the natural competency of their cells at multiple lifecycle stages. This approach removes the need 93 
to enrich and selectively transform fungal zoospores enabling higher-throughput transformation methods 94 
for this unique phylum of fungi. Using a novel AGF isolate from giraffe, Neocallimastix frontalis var giraffae 95 
(Gf-ma), as a model system, we leverage our transformation protocol to evaluate the functionality of two 96 
promoter sequences, multiple reporter constructs, and several selectable markers. We demonstrate that 97 
coupling these selectable markers to anaerobic fluorophores enables screening of promoter activity and 98 
monitoring of protein expression profiles in vivo. We also develop flow cytometry protocols to screen and 99 
quantify transformation efficiency of these genetic constructs in fungal cells. Lastly, we have identified and 100 
verified functionality of a nuclear localization signal sequence to enable targeting of proteins to anaerobic 101 
fungal nuclei, which will be essential for future strain development efforts via gene editing technologies. 102 
The methods and genetic tools developed here provide a framework for future synthetic biology and 103 
functional genomic studies to leverage anaerobic fungi for their diverse biotechnological potential. 104 
 105 
 106 
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Results 107 
Anaerobic fungi naturally take up DNA 108 
 As the first step for transformation, we needed to establish robust and efficient methods for DNA 109 
uptake. Prior biolistic methods were low efficiency with high cell mortality34, while natural competency based 110 
methods were only established for short RNA sequences.35 We first assessed whether anaerobic fungi 111 
were naturally competent for DNA and whether this ability was independent of life cycle stage (motile and 112 
vegetative). We generated short 50 nt dsDNA probes via primer annealing that we subsequently labeled 113 
with Cy3 fluorescent dye and mixed with young cultures (~18 h) of Gf-ma. Cy3 labeled DNA was rapidly 114 
taken up by multiple life stages of anaerobic fungi and observed in motile zoospores, vegetative sporangia, 115 
sporangiophores, and to a limited extent in rhizomycelia immediately after mixing (Figure 1). Within 60 116 
minutes the Cy3-labeled DNA localized to the nucleus, suggesting that natural competence is a potential 117 
delivery vehicle for heterologous gene expression. More importantly, however, these results establish that 118 
anaerobic fungi are naturally competent for DNA at all lifecycle stages, obviating the need for time-119 
consuming enrichment of zoospores as in previous methods.34,35  120 

 121 
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Figure 1: Neocallimastix frontalis var giraffae is competent for DNA, which localizes to the nucleus 122 
Bright-field micrographs of fungal rhizomycelia (R), sporangia (S), sporangiophores (Sp), and zoospores 123 
(Z). Counterstaining Gf-Ma cells with DAPI reveal fungal nuclei. Cy3 channel visualization of fungal cells 124 
reveal sporangia and zoospores readily take up Cy3 labelled nucleic acid probes. Merging of DAPI and 125 
Cy3 channels show nucleic acid probes localize to nuclei of motile zoospores and vegetative sporangia.  126 
 127 
 Transformation efficiency via natural competency was then established via flow cytometry (Figure 128 
2). The arithmetic mean of Cy3 fluorescence as measured with a phycoerythrin (PE) filter set increased 129 
60% in transformed cells relative to untransformed controls (Figure 2; transformed population = 3.0 ± 1.9 × 130 
104 AU; untransformed population = 1.9 ± 0.9 × 104 AU). This increase in fluorescence was statistically 131 
significant (unpaired t-test p-val < 2.2 × 10-16), suggesting significant uptake of DNA within the assayed 132 
cells. To calculate a minimum transformation efficiency, we counted the fraction of cells within the 133 
transformed population whose fluorescence was at least 2 standard deviations greater than the mean of 134 
the untransformed control group (i.e., statistically significant with p ≤ 0.05). At least 16.5% of all observed 135 
cells were transformed with short nucleic acid probes (>40 transformants/μg DNA). However, these 136 
estimates are a conservative estimate or lower bound for transformation efficiency. To prevent clogging of 137 
the instrument only smaller zoospores (< 40 μm) were analyzed, excluding transformed sporangia and 138 
sporangiophores, which are too large to be run through a flow cytometer (Figure 1). Nonetheless, the flow 139 
cytometry independently confirmed DNA uptake via natural competency that could facilitate heterologous 140 
gene expression. 141 

 142 
Figure 2: Flow cytometry of fungal zoospores for tracking DNA uptake efficiency 143 
Cy3 fluorescence of gated events measured on the PE channel show transformed zoospores have higher 144 
mean fluorescence than untransformed controls. Mean fluorescence + 2 standard deviations of the control 145 
(dashed line) is used as the threshold to define a transformant. (See Table S5 for additional statistics of 146 
flow cytometry analysis and Figure S9 for collected events and gates used). 147 

 148 
Selection systems for anaerobic fungi 149 
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 As proof of concept for heterologous gene expression, we next identified potential selectable 150 
markers for anaerobic fungi and minimal inhibitory concentrations (MIC) of frequently used antibiotics for 151 
selection. Fungal growth was tracked by pressure over a multiple log concentration range (Figure 3).36 152 
Hygromycin, geneticin (G418), neomycin, puromycin, and blasticidin strongly inhibited AGF growth with 153 
varying levels of sensitivity (Table 1). AGF were weakly sensitive to neomycin with concentrations in excess 154 
of 200 μg/ml needed to knock down growth (Figure 3C). This result is not unexpected as most fungi are not 155 
susceptible to aminoglycosides except at high concentrations.37 Puromycin and blasticidin were highly 156 
lethal to AGF with no growth under the concentrations tested (MIC < 3 μg/ml; Figure 3D-E). However, AGF 157 
were moderately sensitive to hygromycin and G418 with MICs of 5 and 10 μg/ml, respectively. Conversely, 158 
AGF are resistant to bleomycin with no growth inhibition at concentrations of up to 50 μg/ml bleomycin 159 
(Figure 3F). Subsequent genome analysis of all sequenced AGF confirmed the presence of a conserved 160 
bleomycin resistance gene (lactoglutathione lyase- lgl), which forms part of the glyoxyl detoxification 161 
pathway.38,39 This pathway is responsible for protecting hosts from oxidative stress40,41, which would be 162 
evolutionarily advantageous for anaerobic fungi in their native environment. Thus, this resistance gene may 163 
serve as a convenient counter-selectable marker for future genome engineering efforts. Given their clear 164 
and reproducible MICs, relatively low cost, and high sensitivity, hygromycin and G418 selection were used 165 
to establish heterologous expression in anaerobic fungi. 166 

 167 
Figure 3: Neocallimastix frontalis var giraffae is susceptible to hygromycin (A), G418 (B) Neomycin 168 
(C), Puromycin (D), Blasticidin (E), but not Bleomycin (F). N ≥ 4 biological replicates. Error bars 169 
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represent standard error of the mean. Dashed lines represent the average pressure of uninoculated tubes 170 
(lower line) or positive control (upper line) while the red ribbon represents the standard error of the 171 
uninoculated controls and the green ribbons represents the standard error of the positive control. 172 
 173 
Table 1: Minimal Inhibitory Concentrations of Tested Antibiotics 174 

Antibiotic Mechanism MIC (μg/ml) 
Blasticidin-S Inhibits translation <3 
Bleomycin Induced DNA breaks Not detected 
Geneticin 
(G418) 

Inhibits translation 10 

Hygromycin Inhibits translation 5 
Neomycin Inhibits translation 200 
Puromycin Inhibits translation <3 

 175 
Genetic parts for heterologous expression 176 
 To develop a robust heterologous expression system in anaerobic fungi, we identified constitutive 177 
promoters and transcriptional terminators from conserved non-coding upstream and downstream 178 
sequences flanking highly conserved and highly expressed essential enolase (ENOL) and translation 179 
elongation factor 1 alpha (TEF1A) genes. These two genes were constitutively expressed on seven different 180 
carbon sources in evolutionarily related Neocallimastix californiae and Piromyces finnis isolates,4 and due 181 
to their essential nature in carbohydrate metabolism and amino acid biosynthesis hypothesized to express 182 
at similarly constitutive levels in Gf-Ma. This analysis provided 2 putatively strong constitutive promoters, 183 
PENOL and PTEF1A, and 1 terminator, TTEF terminator (see Supplementary text for details), which we used to 184 
construct several heterologous gene cassettes with codon harmonized selectable markers (Hyg – hph; 185 
G418 – neo; Table 2). Genes were codon harmonized (see Supplementary text for details) by selecting 186 
AGF codons with relative abundances (Table S1) that matched those of the gene in their native hosts to 187 
ensure high expression.  188 
 We then tested the ability of these genetic constructs to rescue fungal growth in the presence of 189 
hygromycin or G418. As these genetic constructs lacked Autonomously Replicating Sequences (ARS) and 190 
centromeric sequences (CEN) for replication and partitioning to daughter cells42, we dosed in ~2 μg of 191 
linearized plasmid daily (Figure 4A). Control studies with labelled plasmid confirmed that larger plasmid 192 
DNA was also taken up and localized to the nucleus (Figure 4B and Figure S5), potentially enabling gene 193 
expression. We transformed our cells with unlabeled DNA and grew them in non-selective media for 72 h 194 
to express the selectable marker before subculturing in selective media (Figure 4A). Cells without construct 195 
showed negligible growth (pressure accumulation) when grown in the presence of antibiotic (Figures 4C 196 
and D). Cells transformed with PENOL-hph cassettes were able to grow to similar levels above the construct-197 
free negative control in selective media (p = 0.005; Figure 4C, Table 2) with significant levels of biomass 198 
generation. However, this growth was only ~60% of positive (non-selective) control levels (p = 0.001) as 199 
measured by pressure evolution (Figure 4C and Figure S6A). These effects are only observed with regular 200 
dosing of exogenous DNA (data not shown); that is, provided DNA constructs do not persist in the absence 201 
of stabilizing sequences such as an ARS. Similarly, the PTEF1A-neo construct was able to rescue ~75% of 202 
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growth relative to positive (non-selective) controls (Figure 4D). Promoter-less control constructs (pUCM6-203 
AGF-124) do not rescue growth in selective media and are indistinguishable from untransformed negative 204 
controls (Figure S7). Antibiotic resistance phenotypes are dependent on our cloned upstream regions 205 
validating that they contain constitutive promoters that are active in anaerobic fungi and can drive 206 
heterologous gene expression.  207 
 To facilitate the development of gene editing tools and future approaches for more stable 208 
transformations, we identified nuclear localization sequences (NLS) that could be used to traffic Cas 209 
endonucleases and/or other enzymes to the nucleus. Analysis of the leader sequence of nuclear-localized 210 
histone H2B across multiple fungal lineages revealed strong conservation in the first 40 amino acids of 211 
anerobic fungal histone proteins (Figure 5A, and Dataset SD5)5,39,43–45. This region was distinct from that of 212 
homologs in other fungal lineages forming an AGF-specific putative NLS. The AGF consensus sequence 213 
(Figure 5B, and Dataset SD6) was used to flank an anaerobic fluorescent reporter protein, iRFP70246,47, 214 
which we codon-optimized for anaerobic fungi. We also generated control reporter constructs that lacked 215 
NLS sequences. All reporter constructs were also fused to hygromycin selection cassettes to enable 216 
enrichment of transformed cells in selective media. Cells transformed with reporter plasmids all exhibited 217 
increased far-red fluorescence as visualized by confocal microscopy and strong fungal growth under 218 
selective conditions (Figure 5C; Figure S6A). Expression was observed in all fungal life cycle stages 219 
examined. While NLS-free constructs showed more diffuse fluorescence, constructs flanked by NLS 220 
sequences displayed punctate or localized fluorescence that coincided with stained nuclei. In other words, 221 
addition of the NLS sequence did not disrupt fluorescence of the iRFP fluorophore and, more importantly, 222 
localized iRFP to fungal nuclei. To quantify this phenomenon, transformed cells were analyzed via flow 223 
cytometry. The arithmetic mean fluorescence of transformed cells lacking the NLS sequence was 3.50 224 
times as much as that of untransformed cells (Figure 6). NLS-tagged transformants exhibited 4.55 times 225 
the fluorescence of untransformed controls, potentially due to the localized or concentrated nature of protein 226 
expression (Figure 6). In summary, we successfully identified and validated anaerobic fluorescent reporters 227 
and NLS sequences for AGF establishing powerful new tools to track protein expression and localize 228 
proteins to specific compartments. 229 
 230 
 231 

Accepted Manuscript 
Version of Record at: https://doi.org/10.1021/acssynbio.2c00502



 

10 
 

232 
Figure 4: Dosing linearized plasmids into Neocallimastix frontalis var giraffae rescues fungal growth 233 
under selective conditions. A) Plasmid dosing scheme B) Cy3 labelled pUCM6-AGF-2 harboring PENOL-234 
hph is taken up and localizes to fungal nuclei C) Hygromycin resistance markers can be heterologously 235 
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expressed and rescue growth in selective media relative to untransformed control via PENOL [Constructs 236 
express: 2 – HygR, 32 – HygR + a nuclear localized fluorescent reporter, 33 – HygR + fluorescent reporter] 237 
D) neo resistance marker is heterologously expressed from PTEF1A in construct 113 to rescue growth on 238 
G418. See Table 2 for a full description of each construct and Figure S6 for corresponding growth curves. 239 
** p-value ≤ 0.0050 240 
 241 

 242 
Figure 5: NLS sequence from Histone H2B localizes anaerobic fluorescent reporters to the nuclei 243 
of fungal cells. A) Anaerobic fungi have unique 5’ leader sequences on histone H2B that are distinct from 244 
leader sequences of model fungal lineages. B) Consensus sequence of conserved anaerobic fungi Histone 245 
2B leader sequence or putative NLS. C) Confocal microscopy of fungal cells transformed with constructs 246 
containing hygromycin resistance and iRFP enable selection and visualization of iRFP expression. See 247 
Table 2 for full descriptions of these constructs.  248 
 249 
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 250 
Figure 6: Flow cytometry analysis of fungal cells transformed with iRFP cassettes Fluorescence for 251 
gated events of fungal zoospores transformed with iRFP containing constructs have a higher mean 252 
fluorescence (2.0 x 105 ) than untransformed controls (5.8 x 104). Similarly, fluorescence for gated events 253 
of zoospores transformed with NLS-tagged iRFP also show higher mean fluorescence (2.6 x 105) than 254 
untransformed controls. Table 2 contains full descriptions of the constructs used to generate these plots, 255 
and Table S5 provides additional details on collection of flow cytometry data. Raw flow cytometry data and 256 
gates used provided in Figure S10 257 
 258 
Discussion 259 

Anaerobic fungi offer a wealth of biotechnological potential such as superior enzymes to hydrolyze 260 
plant biomass4, or previously unidentified natural products 6,8, however efforts to domesticate and engineer 261 
these organisms has significantly lagged behind that of many emerging model organisms. Methods and 262 
tools to transform model fungal lineages relying on protoplasting or Agrobacterium mediated protocols32 263 
are not amenable to anaerobic fungi due to the thick cell wall and differences in cultivation temperature. In 264 
this work we establish natural competency as a robust scheme to introduce DNA into fungal cells (Figure 265 
1). Natural competency has been reported in model fungal lineages as a strategy by which nucleic acids 266 
can be reliably introduced. While natural competency for RNA has been reported and leveraged for RNAi 267 
silencing in anaerobic fungi35, our work demonstrates that DNA competency can be similarly exploited for 268 
heterologous expression. This approach is less lethal than previous biolistic methods34, the only previously 269 
demonstrated method for DNA transformation of anaerobic fungi, and is at least 10 times more efficient 270 
than that of previously reported biolistic methods (~40 transformants/μg vs < 4 transformants/μg via biolistic 271 
methods).34. Moreover, this approach is more accessible to labs, removing the need for specialized 272 
equipment such as an anaerobic chamber to manipulate the fungi. All that is needed are sealed Hungate 273 
tubes to cultivate anaerobic fungi and syringes to inoculate and introduce DNA. Further, our transformation 274 
scheme also expands on past natural competency transformation methods by transforming all lifecycle 275 
stages instead of selectively transforming anaerobic fungal zoospores.35 By transforming all lifecycle stages 276 
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instead of enriching only fungal zoospores we are able to perform transformations approximately 72 hours 277 
faster than currently reported methods, significantly reducing the Design Build Test Learn cycle. 278 
Additionally, we established the first methods for performing flow cytometry of anaerobic fungal zoospores 279 
(Figure 2 and Figure 6) which not only enables rapid screening of transformants, but also establishes a 280 
procedure for estimating transformation efficiency. In summary, our scheme for transforming anaerobic 281 
fungi overcomes past bottlenecks of high cell mortality, high cost, and low throughput. 282 

In this work we also establish a suite of genetic parts to enable genetic engineering of gut fungi 283 
including promoters, resistance markers, nuclear localization sequences, and fluorescent reporters. To date 284 
the only functional genetic parts identified for anaerobic fungi were the enolase promoter of Neocallimastix 285 
frontalis and the enzymatic reporter β-glucoronidase34. However, as this was developed before community 286 
repositories such as Addgene and the source isolate lost, no genetic parts are currently available for these 287 
organisms. To address this lack of parts, we identified and validated functionality of two promoter 288 
sequences (Figures S1-S2, Figure 4C-D) and demonstrated that they reliably drive expression of two 289 
antibiotic resistance markers, hph and neo. Moreover, we identified and validated functionality of an 290 
anaerobic fungal NLS sequence (Figure 5A-B). This sequence was anaerobic fungal specific and, similarly 291 
to those found on other histone proteins in other species, did not display a classical monopartite or bipartite 292 
structure.48 Anaerobic fungal genomes are especially GC-poor leading to a depletion of amino acids 293 
encoded by GC-rich codons such as arginine, which are common in NLSs.48,49 Our identified NLS contained 294 
no GC-rich codon repeats and was ~10 residues shorter than NLSs from later diverging fungi. Thus, 295 
anaerobic fungi may have evolved unique nuclear importins that do not rely as strongly on canonical 296 
arginine residues for function. Despite this, the identified NLS retains a net positive charge (pI ~ 10.1) under 297 
homeostatic conditions, like canonical NLS sequences, suggesting some conserved mechanism for nuclear 298 
transport.  299 

We also validate the use of the anaerobic reporter iRFP in anaerobic fungi to visualize protein 300 
trafficking within anaerobic fungi (Figure 5C) and leveraged this expression to develop flow cytometry 301 
protocols to rapidly screen transformed populations (Figure 6). Transformants were 3-4x brighter than 302 
control cells validating heterologous expression in specific cellular compartments. However, the low 303 
brightness suggested low transformation or expression. While iRFP was selected in this study due to the 304 
low background fluorescence of anaerobic fungi within its fluorescence spectra, it is a dim fluorophore with 305 
a brightness (quantum yield × molar extinction) up to an order of magnitude lower than other anaerobic 306 
fluorophores such as iLOV46 and UnaG.50 Thus, future studies should expand this palette of reporters to 307 
improve the sensitivity of these tools and more robustly quantify transformation efficiency.  308 

In this study, we have developed simple and reliable methodologies for the transformation of the 309 
emerging anaerobic fungal chassis. We demonstrate that these species are naturally competent for DNA 310 
during multiple stages of their life cycle and can heterologous express and traffic a number of enzymes and 311 
reporters to various cellular compartments. While only transient, this transformation can be sustained 312 
through periodic dosing of heterologous DNA directly to cell culture – no equipment or sample preparation 313 
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is required. More importantly, these methods are potentially enabling for future strain development efforts 314 
such as those that use CRISPR technology. In many fungi and higher eukaryotes, transient expression is 315 
optimal for gene editing due to toxicity arising from off-target events with high stable expression of Cas9.51–316 
53 Use and further development of these tools unlocks new avenues of research in this class of 317 
lignocellulolytic fungi, accelerating the development of these species for biomanufacturing,12,54,55 drug 318 
discovery6,7 biogas,56,57 and agriculture.9  319 
  320 
 321 
Methods: 322 
Anaerobic fungal isolate, media and growth conditions: 323 

Neocallimastix frontalis var giraffae (Gf-ma) was isolated from the feces of a giraffe (Giraffa 324 
reticulata) from the Indianapolis Zoo and maintained on a semi-defined medium B supplemented with 325 
chloramphenicol at a final concentration of 35 µg/ml as previously described.12 All cultures were grown in 326 
14 ml Hungate tubes at 39 °C unless otherwise specified. Briefly, media was prepared by microwaving all 327 
components except glucose and cysteine for approximately 13 minutes prior to sparging with CO2 (Keen 328 
Gas, Newark, DE, USA) for approximately 1 hour to remove oxygen present in the media. Subsequently, 329 
glucose (5 g/l) (Fisher Scientific, Waltham, MA, USA) and L-Cysteine hydrochloride (1.25 g/l) (Fisher 330 
Scientific, Waltham, MA, USA) were added prior to dispensing media into individual tubes. Specifically, 331 
anaerobic liquid media was dispensed to 14 ml Hungate tubes or 100 ml serum bottles under 100% CO2. 332 
Anaerobic tubes and bottles were then sealed and maintained under 100% CO2 headspace prior to 333 
autoclaving with an exposure time of 20 minutes at 120 °C. Sterile anaerobic media was stored at 4 ºC until 334 
it was ready for use. All media was prewarmed to 39 ºC one hour before inoculation. To assess the 335 
phylogenetic affiliation of strain Gf-ma in relation to the other Neocallimastix species as well as other 336 
anaerobic fungal genera, four copies of the D1/D2 of nuc 28S rDNA genes sequences were extracted from 337 
the genome.39 The obtained sequences were aligned to anaerobic fungal reference 28S rDNA sequence 338 
dataset downloaded from the National Center for Biotechnology Information (NCBI) GenBank nr database 339 
using Clustal W using default parameters and manually refined in MEGA7.58 The generated alignment was 340 
then used to construct a maximum likelihood phylogenetic tree in FastTree using the gtr model59 with 341 
Chytriomyces sp. WB235A as the outgroup. Bootstrap values were calculated based on 100 replicates 342 
(Figure S8). 343 
 344 
Transformations of Neocallimastix. frontalis var giraffae with labeled nucleic acid probes: 345 

To assess the natural competency of strain Gf-ma to exogenous dsDNA, a 50 bp long ssDNA (5'-346 
ATCTGTACCGGCTAATGCGAATCGATAGCTACCGATTGCGATTCGGATTC-3') was purchased from 347 
Integrated DNA Technologies, Inc.(Coralville, IA, USA) and labeled with Cyanine3 (Cy3) fluorescent dye at 348 
the 5′ end to enable visual detection of DNA uptake. Cy3 labeling was conducted using Label IT™ nucleic 349 
acid labeling kit, Cy3 from Mirus Bio (Madison, WI, USA) following the manufacturer’s instructions. Then 350 
we created a double stranded DNA probe by annealing the Cy3-labeled ssDNA oligomers with the 351 
unlabeled complementary strand by incubating them at 95 °C followed by a gradual cooling down at room 352 
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temperature for 45 min to permit hybridization. Young cultures of strain Gf-ma (18 h, grown on medium B) 353 
were mixed with Cy3-labeled dsDNA at a final concentration of 20 nM, and incubated at 39 °C for 90 min. 354 
Samples were taken every 15 min., counterstained with 4′,6 diamidino-2-phenylindole (DAPI; 10 μg/mL) 355 
and examined using confocal microscopy (see Confocal Microscopy and Image processing) for nuclear 356 
visualization and detection of DNA uptake by different lifecycle stages. The Cy3 kit was also used to label 357 
a heterologous construct harboring hygromycin resistance (See Figure 4B) following the same workflow. 358 
 359 
Kill curve assays 360 

To determine the minimal inhibitory concentration of antibiotics on Neocallimastix. frontalis var 361 
giraffae, 14 ml Hungate tubes containing 9 ml of media B and chloramphenicol (see Anaerobic fungal 362 
isolate, media and growth conditions) received either hygromycin B, neomycin, puromycin dihydrochloride, 363 
blasticidin s hydrochloride, or G418. All antibiotic solutions were diluted in water to achieve 100X solutions 364 
at each concentration range to be tested. 100 μl of 100X working solution was then added to each tube 365 
prior to inoculation with 1 ml of actively growing Neocallimastix frontalis var giraffae culture. In order to 366 
overcome biological noise, all test conditions as well as positive and negative controls were carried out in 367 
biological quadruplicate at a minimum. Additionally, all Hungate tubes were zeroed out to atmospheric 368 
pressure immediately after inoculation. Growth of Neocallimastix frontalis var giraffae was determined by 369 
pressure accumulation 36 in the sealed Hungate tubes via a pressure transducer (Automation Products 370 
Group, Logan, UT, USA) daily over a period of 7 days. Total accumulated pressure was then determined 371 
for all test conditions. Growth curves of pressure accumulation versus antibiotic concentration were 372 
generated in R with the ggplot2 package.60 The pracma package was used to fit Hill equations to the data.61 373 
 374 
Transformations of Neocallimastix. frontalis var giraffae with reporter constructs on linearized plasmids 375 

Constructs tested in this report were first transformed into chemically competent E. coli strain DH5α. 376 
Single colonies were inoculated into 5 ml of Lauria-Bertani (LB) broth containing 100 μg/ml ampicillin and 377 
cultured at 37 ºC at 250 RPM. After approximately 16-18 hours, these 5 ml liquid cultures were used to 378 
inoculate 50 ml LB cultures containing 100 ug/ml Ampicillin in 25 0ml baffled flasks. The 50 ml E. coli 379 
cultures were incubated at 37 ºC at 250 RPM until the optical density reached approximately 2.5 380 
absorbance units. Liquid cultures were subsequently centrifuged at 10,000 RCF for 10 minutes at 4 ºC prior 381 
to midiprepping with a GeneJet midiprep kit (Fisher Scientific, Waltham, MA, USA). Midiprepped plasmid 382 
DNA was linearized with Fast Digest BamHI or EcoRI in Fast Digest buffer. DNA digest reactions were heat 383 
inactivated for 5 minutes at 80 ºC, according to the manufacturer’s instructions. Sterile anaerobic water 384 
(1.25 g/l cysteine hydrochloride, 1.5 g/l PIPES) was prepared in sterile 100 ml serum bottles and sparged 385 
with CO2 for five minutes to remove oxygen. Sterile anaerobic water was subsequently prewarmed to 39 ºC 386 
and used to dilute digested DNA to a final volume of 300 μl. 100 μl of this digested DNA was added to each 387 
Hungate tube so that all constructs were tested in biological triplicate. After addition of digested plasmid 388 
DNA, Hungate tubes were zeroed to atmospheric pressure. Since these genetic constructs are unstable 389 
due to the lack of Autonomously Replicating Sequences (ARS) and centromeric sequences (CEN), we 390 
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dosed in ~2 μg of linearized plasmid daily before and after antibiotics selection and fluorophore detection 391 
(Figure 4A). 392 
 393 
Flow cytometry of Neocallimastix frontalis var giraffae cultures 394 

Fungal zoospores were collected from liquid cultures by opening Hungate tubes, filtering through 395 
8 layers of cheesecloth directly into sterile 50ml Falcon tubes to remove large fungal biomass and 396 
rhizomycelia while also enriching for fungal zoospores. This filtered fermentation liquor was then centrifuged 397 
at 4,500 RCF for 10 minutes at 39 ºC to pellet fungal zoospores. The supernatant was gently decanted and 398 
the resulting pellet was resuspended in 1 ml of sterile anaerobic water prewarmed to 39 ºC (See 399 
Transformations of Neocallimastix. frontalis var giraffae with reporter constructs on linearized plasmids). 400 
The concentrated zoospores were then carefully pipetted through BD FACS tubes with 35 µm mesh size 401 
(BD, Franklin Lakes, NJ, USA) to eliminate any clumps or cell debris. Samples were immediately analyzed 402 
using a NovoCyte flow cytometer. For flow cytometry analysis on Cy3 transformed cultures 50,000 ungated 403 
events were collected with an opening of 21.1 μm and a flow rate of 104 μl per minute. A PE (R-404 
Phycoerythrin) laser with 488 nm excitation and 660/20 nm detection was used for all Cy3 transformed 405 
fungal zoospores. Gating was performed by running media only controls to determine which events were 406 
caused by debris in fungal media. For flow cytometry on cultures transformed with iRFP containing 407 
constructs, the Alexa-Fluor 700 channel was used with 640 nm excitation and 695/40 nm detection with the 408 
same flow rate and opening size. Gating of events was performed through the same procedure as Cy3 409 
transformed zoospores. Fluorescence intensity on PE-H or Alexa Fluor 700-H was compared to 410 
untransformed controls, and transformation efficiency was calculated by determining the number of gated 411 
events having fluorescence signal at least 2 standard deviations above the mean fluorescence intensity of 412 
untransformed controls. For all analyses, the arithmetic mean fluorescence was used when calculating 413 
transformation efficiency. Data collection and analysis were performed with NovoExpress 1.5.0. 414 
 415 
Confocal microscopy and image processing 416 

Fungal biomass was harvested from liquid cultures and stained with 4,6′-diamidino-2-phenylindole 417 
(DAPI; 10 μg/mL) to be scanned using confocal laser scanning microscopy (CLSM). Images were captured 418 
using a Zeiss LSM 980/Airyscan 2 (Carl Zeiss, Inc., Gottingen, Germany), equipped with 40X and 60X oil 419 
immersion objective lens. Fungal cells transformed with Cy3 were examined using a Cy3 (Cyanine-3) 420 
channel applying the following wavelengths: 534 nm for excitation and 694 nm for detection. While fungal 421 
cells transformed with iRFP were examined using Alexa-Fluor 700 channel applying the following 422 
wavelengths: 640 nm for excitation and 755 nm for detection. Nuclear visualization and localization were 423 
detected via a DAPI channel applying the following wavelengths: 410 nm for excitation and 605 nm for 424 
detection. Image acquisition and processing were handled using an AxioCam and Fiji software62. 425 
 426 
Promoter and terminator alignments 427 

DNA sequences for regions upstream of Neocallimastigomycota enolase genes were downloaded 428 
from Mycocosm39 and aligned in RStudio Version 4.2.0.63 DNA sequences were aligned with the multiple 429 
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sequence alignment (MSA) package version 1.28.0 within the Bioconductor suite version 3.15.64,65 430 
Sequences were aligned using ClustalW with the default substitution matrix, the neighbor joining method, 431 
a gap open penalty of 15, and gap extension penalty of 6.6 with 3 iterations.64 For all promoter alignments 432 
5’ untranslated sequences, if annotated, were included in the alignment. Terminator sequence alignments 433 
were created using the same alignment parameters, however 3’ untranslated sequences, if present in the 434 
genome annotation, were excluded. All protein IDs used to create these alignments are presented in Tables 435 
S1 and S2). Complete multiple sequence alignments for these analyses are available as Datasets SD1-436 
SD6. 437 
 438 
Identification of a Nuclear Localization Signal Sequence 439 

To identify a putative Nuclear Localization Signal (NLS) sequence in anaerobic fungi, amino acid 440 
sequences of histone H2B, a protein that is targeted to the nuclei of eukaryotic cells, were collected from 441 
Mycocosm.39 This preliminary list included both species of fungi in the Neocallimastigomycota lineage as 442 
well as model fungi (Figure 4A). Protein IDs collected from Mycocosm39 from the corresponding genomes 443 
are listed in Table S3. These sequences were aligned using the MSA R package within the Bioconductor 444 
suite.64,65 The histone H2B multiple sequence alignment files are available as Supplemental Dataset SD5 445 
which includes both anaerobic fungal and model fungal lineages, and Dataset SD6 which only includes gut 446 
fungal H2B sequences. The first 30 amino acids of histone H2B (protein ID 728204) for Neocallimastix 447 
frontalis var giraffae were selected as an NLS and cloned on the 5’ and 3’ ends of an AGF codon 448 
harmonized variant of iRFP702. 5X glycine linkers were used between NLS sequences and the iRFP702 449 
gene. These NLS sequences were additionally codon harmonized to further promote expression when 450 
transformed into anaerobic fungi. pUCM6-AGF-32, which contains the NLS tagged iRFP fluorophore, is 451 
described in more detail in Table 2.  452 

 453 
Table 2: Description of constructs used in the present work.  454 

Construct 
ID Plasmid Name Relevant genoytpe 

Size 
(bp) 

2 
pUCM6-AGF-2 

ColE1(pBR322) ori, bla(Ampr), PENOL-HygR(AGF-harmonized)-
TTEF1A 5465 

32 
pUCM6-AGF-32 

ColE1(pBR322) ori, bla(Ampr), PENOL-HygR(AGF-harmonized)-
TTEF1A-PENOL-NLS-iRFP702(AGF-harmonized)-NLS-TTEF1A 7862 

33 
pUCM6-AGF-33 

ColE1(pBR322) ori, bla(Ampr), PENOL-HygR(AGF-harmonized)-
TTEF1A-PENOL-iRFP702(AGF-harmonized)-TTEF1A 7628 

79 
pUCM6-AGF-79 

ColE1(pBR322) ori, bla(Ampr), PTEF1A-HygR(AGF-harmonized)-
TTEF1A-PENOL-iRFP702(AGF-harmonized)-TTEF1A 7633 

113 
pUCM6-AGF-113 

ColE1(pBR322) ori, bla(Ampr), PTEF1A-Neo(AGF-optimized)-
TTEF1A 5252 

124 
pUCM6-AGF-124 ColE1(pBR322) ori, bla(Ampr), HygR(AGF-harmonized)-TTEF1A 5497 

 455 
 456 
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Supporting information 457 
• Supplementary Info: Description of how anaerobic fungal parts were developed, information 458 

about sequences used in bioinformatic analyses, flow cytometry data, fungal growth curves, and 459 
phylogenetic analysis 460 

• Dataset SD1: SD1_Enolase_1000_MSA.txt - alignment of anaerobic fungal enolase leader 461 
sequences used to identify an enolase promoter 462 

• Dataset SD2: SD2_TEF1A_1000_Promoter_MSA.txt- alignment of Translation Elongation Factor 463 
1 Alpha (TEF1A) leader sequences used to identify a TEF1A promoter for anaerobic fungi 464 

• Dataset SD3: SD3_TEF1A_500_Terminator.txt - alignment of TEF1A downstream sequences 465 
used to identify a TEF1A terminator for anaerobic fungi 466 

• Dataset SD4: SD4_Gfma_TEF1A_500_Terminator.txt - alignment of Neocallimastix frontalis 467 
TEF1A promoter sequences used to identify a Neocallimastix frontalis TEF1A promoter 468 

• Dataset SD5: SD5_NLS_all_MSA.txt - alignment of fungal histone H2B sequences used to 469 
assess Nuclear Localization Signal sequence conservation across multiple fungal lineages 470 

• Dataset SD6:  SD6_Neocallimastigomycota_H2B.txt- alignment of anaerobic fungal histone 471 
H2B sequences to assess Nuclear Localization Signal sequence conservation across all 472 
Neocallimastigomycota 473 
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