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Anaerobic fungi are a potential biotechnology platform to produce biomass-degrading
enzymes. Unlike model fungi such as yeasts, stress responses that are relevant during
bioprocessing have not yet been established for anaerobic fungi. In this work, we
characterize both the heat shock and unfolded protein responses of four strains
of anaerobic fungi (Anaeromyces robustus, Caecomyces churrovis, Neocallimastix
californiae, and Piromyces finnis). The inositol-requiring 1 (Ire1) stress sensor, which
typically initiates the fungal UPR, was conserved in all four genomes. However, these
genomes also encode putative transmembrane kinases with catalytic domains that are
similar to the metazoan stress-sensing enzyme PKR-like endoplasmic reticulum kinase
(PERK), although whether they function in the UPR of anaerobic fungi remains unclear.
Furthermore, we characterized the global transcriptional responses of Anaeromyces
robustus and Neocallimastix californiae to a transient heat shock. Both fungi exhibited
the hallmarks of ER stress, including upregulation of genes with functions in protein
folding, ER-associated degradation, and intracellular protein trafficking. Relative to
other fungi, the genomes of Neocallimastigomycetes contained the greatest gene
percentage of HSP20 and HSP70 chaperones, which may serve to stabilize their
asparagine-rich genomes. Taken together, these results delineate the unique stress
response of anaerobic fungi, which is an important step toward their development as
a biotechnology platform to produce enzymes and valuable biomolecules.

Keywords: UPR, HSR, transcriptomics, anaerobic fungi, stress response, chaperones, protein folding

INTRODUCTION

The ability to cope with different kinds of environmental stress is a universal trait of life. However,
depending on the type of stress, the response can be highly conserved between organisms, such as
the heat shock response (HSR) (Martin and Gretchen, 1999), or the response can vary significantly
between the kingdoms of life, such as in the case of the unfolded protein response (UPR) (Hollien,
2013). Heat shock causes both cytosolic and ER stress, triggering the HSR and potentially the UPR
(Mager and Ferreira, 1993), in which cells respond to misfolded proteins by attenuating protein
production. In biotechnology, cellular stress responses can decrease product titer or even cause
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cell death. Fungi have adapted to cope with many kinds of
stressors in their native environments. Heat shock proteins (hsps)
are used to respond to cytosolic stress triggered by various
stimuli, including heat (Boreham and Mitchel, 1994; Glover
and Lindquist, 1998; Borchsenius et al., 2001), osmotic pressure
(Fernandes et al., 2004), and low pH (Estruch and De Valencia,
2001; Burnie and Matthews, 2006). The expression of hsps in
the HSR as well as the UPR are part of the comprehensive
response of an organism, called the environmental stress
response, to various types of environmental stresses (Gasch
and Werner-Washburne, 2002; Gasch, 2007). The environmental
stress response is well-established for Ascomycota, especially for
Saccharomyces cerevisiae (Gasch et al., 2000; Causton et al., 2001).
Both the HSR and UPR are often triggered during expression
of proteins, especially those that are a product of heterologous
expression efforts (Mattanovich et al., 2004; Guillemette et al.,
2007; O’Malley et al., 2009).

Although the UPR is induced by stress to the ER rather
than the cytosol, some features of the UPR and HSR are
shared, such as the upregulation of genes with functions in
polypeptide translocation, vesicular transport from the ER,
and ER-Associated Degradation (ERAD) to increase protein-
folding capacity and to limit protein production (Liu and
Chang, 2008). Although the UPR is found in all eukaryotes,
the cellular machinery involved in the response differs between
the kingdoms of life (Hollien, 2013). The unfolded protein
response of fungi is well-established, especially for yeasts and
filamentous fungi applied in biotechnology (Travers et al., 2000;
Guillemette et al., 2007; Jung et al., 2016; Hernandez-Elvira et al.,
2018) as well as pathogenic fungi (Heimel et al., 2013; Cheon
et al.,, 2014; Starke et al., 2021). Fungi are known to possess the
transmembrane endoribonuclease Irel, which senses misfolded
proteins, oligomerizes and autophosphorylates, activating
an endoribonuclease domains that removes a constitutively
expressed intron from mRNA encoding the transcription
factor Hacl (Cox and Walter, 1996; Mori et al., 1996). This
transcription factor triggers the upregulation of genes encoding
chaperones to promote protein folding and those with functions
in vesicular transport and protein turnover (Cox et al., 1993;
Morl et al.,, 1993; Travers et al., 2000). In contrast, members
of Metazoa use both the Irel-initiated pathway as well as two
others: ATF6 and PERK (Gardner et al., 2013; Hollien, 2013).
PKR-like Endoplasmic Reticulum Kinase (PERK) is also a
transmembrane sensing protein, but instead of cleaving an
intron, it phosphorylates the eukaryotic initiation factor 2 alpha
subunit (eIF2a), which prohibits GTP exchange and subsequent
delivery of Met-tRNA to initiate translation (Dever, 2002; Wek
et al., 2006; Wek and Cavener, 2007). This event results in global
inhibition of protein translation, except for certain proteins
(Gardner et al., 2013).

PERK is not the only kinase of eIF2a that regulates translation
in eukaryotes. Different kinases of elF2a evolved to sense
diverse types of environmental stress: ER stress (PERK); nutrient
limitation (GCN2); viral infection (PKR/PKZ); and heme
deprivation, heat shock, or oxidative stress (HRI) (Herndndez
and Jagus, 2016). The domain architecture for each kinase is
distinct (Herndndez and Jagus, 2016). The only elF2a kinase

with a transmembrane domain is PERK. The archetypical PERK
also contains an N-terminal signal peptide, IREl-like stress
sensing and dimerization domain, and a catalytic kinase domain
with an internal insert (Hernandez and Jagus, 2016). GCN2 is
ubiquitously present in fungi, whereas HRI is not found in all
fungi. To date, no instance of a PERK-like kinase has been
reported in fungi (Herndndez and Jagus, 2016).

Understanding how to circumvent cellular stress responses
facilitates fungal bioprocessing, especially heterologous protein
production, as illustrated by previous studies of filamentous
fungi (Heimel, 2014) and yeasts (Valkonen et al, 2003a;
Mattanovich et al., 2004; Gasser et al., 2007). With appropriate
genetic engineering strategies, knowledge of UPR components
can be leveraged for enhanced production of secreted proteins
to improve product titers, without the induction of deleterious
effects such as ER-Associated Degradation (ERAD) (Heimel,
2014). One successful example was the sevenfold boost in
production of laccase by Aspergillus niger var. awamon as a
result of the overexpression of active hacA transcription factor
(Valkonen et al., 2003b). Similarly, constitutive overexpression
of HACI in Saccharomyces cerevisiae resulted in a 70% increase
in the secretion of foreign protein a-amylase from Bacillus
amyloliquefaciens (Valkonen et al., 2003a). However, this
approach is not successful for all heterologous production
schemes. For example, constitutive overexpression of HACI
in Saccharomyces cerevisiae did not increase the secretion of
the foreign protein endoglucanase from Trichoderma reesei
(Valkonen et al., 2003a). Other factors, such as glycosylation
and proper folding temperature may impact the success of
heterologous production schemes. For example, N-linked
glycosylation stabilizes an endoglucanase from Penicillium
verruculosum against proteolytic attack when expressed
recombinantly in Penicillium canescens (Dotsenko et al., 2016).

Our knowledge of the fungal stress response has largely been
limited to Dikarya (higher-order fungi). Neocallimastigomycetes,
a clade of the phylum Chytridiomycota, are early-diverging fungi
native to the digestive tracts of large herbivores. They specialize
in the degradation of plant biomass and possess the largest array
of carbohydrate active enzymes (CAZymes) of any sequenced
fungi to date and thus hold great promise for applications
in biotechnology (Solomon et al.,, 2016a; Seppild et al., 2017;
Henske et al., 2018). Recent improvements in anaerobic fungal
cultivation (Haitjema et al., 2014; Solomon et al., 2016b) and
the sequencing of high-quality genomes and transcriptomes
(Haitjema et al., 2017) have advanced our understanding of
these non-model organisms, but the HSR and UPR have not
been characterized.

Here, we delineate several major components of the UPR,
including the key stress-sensing enzymes, chaperones, and
some target genes associated with the secretory pathway.
We further validate the identified components of the HSR
and UPR within Neocallimastigomycetes by subjecting two
representative strains from this class (Anaeromyces robustus
and Neocallimastix californiae) to heat shock and subsequently
tracking their transcriptomic response. Moreover, we report
on and quantify an unusual prevalence of small heat shock
proteins within the genomes of Neocallimastigomycetes relative
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to other fungi, which may have implications in the stability of
their proteomes.

RESULTS AND DISCUSSION

Neocallimastigomycetes May Share
Components of the Metazoan Unfolded

Protein Response

We delineated components of the UPR and target genes of the
secretory pathway in four strains of Neocallimastigomycetes
(Anaeromyces robustus, Caecomyces churrovis, Neocallimastix
californiae, and Piromyces finnis) by homology to model
organisms (Supplementary Table 1). Homologs of Irel were
identified in all four genomes, as well as the critical chaperones
KAR?2, calnexin, and calreticulin, and the catalyst of disulfide
bond formation ERO1 (ER oxidoreductin 1). In most cases, the
genes were highly conserved between Neocallimastigomycetes
and S. cerevisiae, with percent identities and coverages
>40 and 80%, respectively (Supplementary Tablel). .
cerevisiae only possesses a single gene with similarity to the
calnexin of mammalian cells, rather than separate calnexin
and calreticulin proteins (Parlati et al, 1995). In contrast,
homologs of S. cerevisiae calnexin and D. melanogaster
calreticulin were identified in all four Neocallimastigomycetes
(Supplementary Table 1). Additional components of the
secretory pathway were previously identified in other anaerobic
fungi: components of the gamma-secretase complex in
Orpinomyces sp. (now Pecoramyces) (Youssef et al., 2013),
and endoplasmic reticular translocon family proteins, SNAREs
(Synaptosomal Vesicle Fusion Pore proteins). Synaptic Vesicle
Associated Calcium Channels. and Annexin-like Proteins in A.
robustus, N. californiae, or Piromyces finnis (Seppéld et al., 2016).

Surprisingly, protein sequences similar to the metazoan
PERK transmembrane protein were also identified (Figure 1;
Supplementary Table 1). Closer inspection of the PERK-
like sequences in Neocallimastigomycetes showed sequence
similarity only in the catalytic domain (Figure 2) and not the
luminal dimerization domain. Although the presence of an
additional UPR pathway in fungi is unprecedented, kinases
of eIF2a that respond to ER stress have been identified in
Toxoplasma gondii (Narasimhan et al., 2008), which is also an
early eukaryote.

The domain architecture of PERK candidates from
Neocallimastigomycetes (Supplementary Table 1) is illustrated
in Figure 3. N. californiae 503500 and P. finnis 367815 both
contained N-terminal PAS domains. A. robustus 13827 is located
at the start of a scaffold, which indicates that the gene model may
be truncated. Thus, the full gene may contain a PAS domain.
PAS domains are known sensing modules of signal transduction
proteins, such as kinases (Taylor and Zhulin, 1999; Amezcua
et al., 2002). A. robustus 13827 only contained the catalytic
domain and no PAS domain. SignalP-5.0 (Almagro Armenteros
etal., 2019) predicted no signal peptides in the PERK-like kinases
from Supplementary Table 1. However, TMHMM?2.0 (Krogh
et al., 2001) identified a transmembrane helix located near the
C-terminus in all sequences, which is inconsistent with PERK

found in Metazoa. Sequence alignment of PERK-like kinases
from Neocallimastigomycetes to representative members of
Apicomplexa, including the TgIF2K-A kinase from T. gondii that
responds to ER stress, only demonstrated consensus in the kinase
domain regions. However, sequence alignment by Clustal Omega
(Sievers et al., 2011) and visualization with Jalview (Waterhouse
et al., 2009) of P. finnis 367815, N. californiae 503500, and C.
churrovis 543476 indicated a high degree of similarity, even in
regions outside of the kinase domain (Supplementary Figure 1).

At present, the function of these transmembrane kinases
of anaerobic fungi remains unclear given the similarity in the
catalytic domain to metazoan PERK but the atypical domain
architecture. One possibility is that these kinases may sense
another form of stress in the cytoplasm, such as oxidative
stress, rather than misfolded proteins in the ER. HRI is
typically the elF2alpha kinase that responds to oxidative stress
(Rothenburg et al., 2016) and has been found in fungi such as
Shizosaccharomyces pombe (Martin and Gretchen, 1999). The
transmembrane kinases from anaerobic fungi in Figure 3 lack the
heme-binding domains that are required for function in HRI, but
it is possible that the PAS domain serves to sense oxidative stress
or redox changes, which is the case in some bacteria (Taylor and
Zhulin, 1999).

Comparative Transcriptomics of the
Responses of A. robustus and N.
californiae to Heat Shock Affirms

Signature Stress Response Genes
Neocallimastigomycetes are highly sensitive to temperature
fluctuations, most likely due to the fact that they are native to the
rumen, which is tightly temperature-controlled at 39°C (Trinci
et al., 1994). In the laboratory, rumen fungi grow optimally at
39-42°C (Orpin, 1975, 1976). To capture the transcriptomic
response to heat shock, without inducing cell death, we measured
fungal growth curves at a range of heat shock temperatures and
for varying durations to test an optimal temperature shift and
duration that would limit, but not completely suppress, growth
(Supplementary Figure 2). We found that temperature shock at
48°C for 15 min met these criteria.

The global transcriptomic responses of A. robustus and N.
californiae to a 15-min duration heat shock at 48°C were
captured, with the dynamics of the responses measured by time
points at 15-min intervals up to 1h after stress was induced.
Differentially regulated genes were identified as those with an
absolute log, fold change greater than one compared to a
control condition without heat shock harvested immediately
prior to the heat shock of the test cultures (p-adjusted <
0.05). The count of up- and downregulated genes at each time
point indicates that the greatest response, as measured by the
number of differentially regulated genes and the magnitude
of the largest logyfold change, occurred 45-60 min after heat
shock (Figure 4; Supplementary Figure 3). A complete list of
differentially regulated genes at each time point can be found in
Supplementary Datasets 1, 2.

In both A. robustus and N. californiae analysis of the
eukaryotic Orthologous Groups (KOGs) (Koonin et al., 2004)
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FIGURE 1 | Schematic of the cellular components of the UPR identified by homology only within the genomes of four representative strains of
Neocallimastigomycetes. Black text indicates homologs of UPR components that were identified in in the genomes of A. robustus, C. churrovis, N. californiae, and P,
finnis (Supplementary Table 1) whereas gray text signifies parts not identified. Ire1 and PERK are two transmembrane receptors of misfolded proteins. Ire1 activates
the Hac1 transcription factor through an alternative splicing event. In the metazoan UPR, PERK oligomerizes and then phosphorylates elF2a, resulting in global
translational repression, which has not been demonstrated for anaerobic fungi. KAR2/BiP/GRP78 functions in protein translocation and folding. Following
translocation into the lumen, chaperones KAR2 and lectins calnexin (CNE1) and calreticulin (CALR) work to fold the polypeptide. Disulfide bond formation is achieved

revealed that the proportion of differentially regulated genes was
highest in the group Cellular Processes and Signaling (Figure 5).
Posttranslational modification, protein turnover, chaperones was
the class with the most differentially expressed genes 1 h after heat
shock compared to before heat shock. Most of the upregulated
genes within this KOG class were chaperones belonging to the
HSP20 or HSP70 families (Supplementary Datasets 1, 2). For
A. robustus 7% of the total genes classified in this KOG class
were at least 2-fold upregulated and for N. californiae 16%
were upregulated (p-adjusted < 0.05). This finding supports
that HSR was activated in A. robustus and N. californiae upon
exposure to thermal stress at 48°C. Further supporting that
a stress response was activated, A. robustus upregulated 12 of
its 15 genes encoding glutamate dehydrogenase (E.C. 1.4.1.4)
at least 2-fold (p-adjusted < 0.05) 1h after heat shock. In
Saccharomyces cerevisiae, glutamate dehydrogenase has been
linked to the phenotype of resistance to thermal and oxidative
stress-induced apoptosis (Lee et al., 2012). The upregulation
of multiple copies of glutamate dehydrogenase implies that
glutamate dehydrogenase may perform a similar function in
A. robustus.

To verify whether ER stress was also induced, we searched for
differentially regulated genes that indicated changes in protein

folding and an increased burden of misfolded proteins. Previous
work in model ascomycetes (Guillemette et al., 2007) indicated
that genes with functions in protein traffic and secretion are
upregulated in response to denaturants such as dithiothreitol
(DTT) and tunicamycin, which are frequently used to elicit
UPR (Guillemette et al., 2007; Liu and Chang, 2008). However,
HSR also targets genes related to the secretory pathway and
can relieve ER stress (Liu and Chang, 2008). We found that
both N. californiae and A. robustus significantly upregulated
genes within the KOG class Intracellular trafficking, secretion,
and vesicular transport (Supplementary Tables 2, 3). Retrograde
transport from the Golgi to the ER in particular was upregulated,
as evidenced by the upregulation of genes encoding putative
COPI subunit proteins (Supplementary Table 3). Consistent
with the accumulation of misfolded proteins associated with ER
stress, both N. californiae and A. robustus upregulated genes
involved in the protein degradation, such as ubiquitination
enzymes and proteasomes (Supplementary Tables 2, 3). Other
key players of the secretory pathway that are implicated in
the UPR include ER oxidoreductin (ERO1) and the hsp70
chaperone KAR2 (Kaufman et al., 2002). One of the N. californiae
homologs of KAR2, MycoCosm (Grigoriev et al., 2014) protein
Id 377732, was upregulated 60 min after heat shock by a log,
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FIGURE 2 | Conserved residues between kinase domains of PERK-like proteins from Neocallimastigomycetes and representative kinase domains from metazoan
PERK proteins. Black bars indicate protein kinase catalytic domains [Conserved Domain Database (Marchler-Bauer et al., 2014) accession ¢l21453]. Coloring follows
Clustal X designations for amino acid properties: Blue, hydrophobic; red, positive; magenta, negative; green, polar; pink, cysteine; orange, glycine; yellow, proline;
cyan, aromatic. A threshold of 20% conservation was used to set transparency.

fold change of 1.47 relative to the control without heat shock
(p-adjusted < 0.05).

A. robustus differentially regulated a total of 66 genes assigned
to the KOG class Signal transduction mechanisms at one or
more time points relative to the control without heat shock. Nine
of the upregulated genes were annotated as Serine/threonine
protein kinases (KOG1187). Since the protein kinase Hogl in S.
cerevisiae initiates the environmental stress response (Brewster

et al.,, 1993; Gasch, 2007), we wondered whether any of these
protein kinases were homologs. In A. robustus, protein Id 197439
was upregulated 2-fold (p-adjusted<0.05) at 30, 45, and 60 min
after heat shock vs. the no heat shock control. Protein BLAST
(Altschul et al., 1990) alignment of A. robustus protein Id
197439 from MycoCosm (Grigoriev et al., 2014) to S. cerevisiae
Hogl (accession NP_013214) resulted in 48% identity and 95%
coverage between the sequences (E-value 4e-108). These findings
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suggest that this gene may be evolutionarily related to the Hogl
of higher order fungi. However, there was no corresponding
homolog in N. californiae that was upregulated in response to
heat shock, although protein Ids 424919, 409946, and 523809
were identified as top hits when A. robustus 197439 was searched
against all filtered model proteins of N. californiae using BLAST+
(Camacho et al., 2009).

Within the group Information Storage and Processing, A.
robustus upregulated 6% of genes in the class Chromatin
structure and dynamics. N6-adenine methylation has been
shown to mark transcriptionally active genes in early-diverging
fungi (Mondo et al., 2017). In A. robustus the gene encoding
protein Id 282395, containing an N6-adenine-specific DNA
methylase domain (IPR002052) was upregulated by more than
32-fold 60 min after heat shock compared to the control without
heat shock (p-adjusted < 0.05). This finding suggests that A.
robustus may epigenetically regulate gene expression in response
to heat shock.

Neocallimastigomycetes Harbor a
Disproportionate Number of Small

Chaperones Among Fungi

The majority of the upregulated genes encoding heat shock
proteins in the response of A. robustus and N. californiae
to heat shock were predicted to be small (~20 kDa,
Supplementary Datasets 1, 2). Although many small hsps are
sequence divergent, especially between different organisms
(Lindquist and Craig, 1988), the upregulation of these
putative small hsps in response to heat shock corroborates

the sequence-based prediction. Upon inspection of the genomes
of Neocallimastigomycetes, we found that the number of
small hsps per genome is on the same scale as some plants
(>20 small hsps) (Wu et al., 2016). Since the average genome
sizes of Neocallimastigomycetes are at least an order of
magnitude smaller than plant genomes (Schmuths et al., 2004;
Wu et al, 2016; Haitjema et al., 2017), this indicates that
Neocallimastigomycetes genomes are relatively enriched in
small heat shock proteins. Similarly, hsps are also enriched
on a gene count basis, since the number of gene models for
A. robustus, C. churrovis, and P. finnis is less than the model
plant Arabidopsis thaliana (Itoh et al., 2007). This strong
preference for small chaperones is not observed in other fungi,
as evidenced in Figure 6. By sampling all published genera
available from the MycoCosm portal (Grigoriev et al., 2014) for
each clade on the fungal evolutionary tree, we observed that
Neocallimastigomycetes have the highest percentage (0.58%)
of hsps (size 70 or 20 kDa) out of all predicted genes, as well
as six times the number of predicted hsps belonging to the 20
kDa class compared to the number of genes within the 70 kDa
class. A. robustus and N. californiae upregulated more HSP20
chaperones relative to any other hsp class (Figure 6), in line with
the overrepresentation of small chaperones in their genomes.
The proportion of hsps in each class out of all upregulated hsps
was similar between A. robustus and N. californiae, although the
percent utilization of each class differed. For example, A. robustus
upregulated 46% of the total HSP20 genes and N. californiae
upregulated 90% of all HSP20 genes. The remainder of the
HSP20 genes are likely upregulated by other environmental
stressors, which may include pH stress, osmotic stress, or others.
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FIGURE 4 | Dynamics of the transcriptomic responses to heat shock differ between A. robustus and N. californiae. Each row represents the logs fold change of a
transcript relative to the control without heat shock. Only transcripts with absolute logs FC greater than or equal to one and adjusted p-value <0.05 are shown. X-axis
labels for each heat map are as follows: “t0” represents time zero, immediately after the 15 min heat shock, “t15” represents 15 min after tO time point, and so forth up
to 60 min after the completion of the heat shock (“t60”). Plots were rendered using the “heatmap.2” function in the “ggplots” package of R software version 3.4.3 (R

Core Team, 2013).

The genomes of rumen fungi are known to be AT-rich and
subsequently plentiful in asparagine repeats (Wilken et al., 2020).
Similarly, the malaria-causing parasite Plasmodium falciparum
from the Apicomplexa phylum also has a genome rich in
asparagine repeats, and the parasite compensates for the
propensity of its proteins to agglomerate by using the heat
shock protein 110 and likely other chaperones to stabilization
its proteome (Muralidharan et al, 2012; Muralidharan and
Goldberg, 2013). It is possible that rumen fungi may use
their hsps to stabilize their asparagine-rich proteomes, similar
to Plasmodium falciparum. Furthermore, the majority of the
small hsps of the Neocallimastigomycetes were constitutively
transcribed at >0.5 RPKM during normal laboratory cultivation
(Supplementary Table 5).

CONCLUSION

Knowledge of the stress responses of fungi can inform
engineering efforts that improve their application as
bioproduction platforms. In particular, the HSR and UPR
can be triggered by heterologous protein expression or
processing conditions, respectively. In model fungi such
as yeasts, engineering the sensor of the UPR has led to
improvements in product titer in some cases. Although these
responses have been studied in detail in model fungi, little is

known about the stress responses of anaerobic fungi. In this
work, we cataloged the stress response genes of anaerobic
fungi through genomics and transcriptomics. We identified
through homology top candidates for genes in the unfolded
protein response (UPR). We also measured transcriptional
abundance of these genes after heat shock. We demonstrated
that in the genomes from three genera of anaerobic fungi,
a putative PERK-like protein is encoded. These predicted
transmembrane proteins are highly conserved between genera
and are homologous in the catalytic kinase domain to metazoan
PERK proteins, although their domain architecture is not
consistent with PERK. The function of these kinases in anaerobic
fungi is unknown and requires experimental validation. We
also demonstrated that the genomes of Neocallimastigomycetes
are enriched in heat shock proteins (hsps), especially small
hsps, compared to all other fungi. The majority of the small
hsps are constitutively transcribed during standard laboratory
cultivation. These constitutively transcribed hsps may serve
to stabilize an asparagine-rich genome, which has been
demonstrated to be the case in Plasmodium falciparum. By
establishing a baseline for the genetics of the UPR and HSR
in anaerobic fungi, we have paved the way for future efforts
to engineer these pathways to provide enhanced resilience to
the anaerobic fungi during production of biomolecules such as
carbohydrate-active enzymes.
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FIGURE 5 | Differential regulation in response to heat shock of A. robustus and N. californiae genes in each class belonging to the eukaryotic Orthologous Group
(Koonin et al., 2004) (KOG) Cellular Processes and Signaling. Top: A. robustus, bottom: N. californiae. Genes were counted as differentially regulated only for those
with an absolute log>FC >1 (p-adjusted < 0.05) 1 h after completion of heat shock compared to the control without heat shock. The number of gene models assigned
to each KOG class, excluding CAZymes are as follows (A. robustus; N. californiae): Cell wall/membrane/envelope (235; 313), Cell motility (11; 18), Posttranslational
maodification (770; 1,240), Signal transduction mechanisms (1,008; 1,452), Intracellular trafficking (479; 871), Defense mechanisms (112; 169), Extracellular structures
(92; 101), Nuclear structure (104; 225), Cytoskeleton (281; 501). KOG assignments in the MycoCosm portal were used for all gene annotations.

MATERIALS AND METHODS

Annotation of Genes in the
Neocallimastigomycete Unfolded Protein

Response

Sequences of components of the UPR in model organisms
Saccharomyces cerevisiae and Drosophila melanogaster were
queried against the filtered model proteins of Anaeromyces
robustus, Caecomyces churrovis, Neocallimastix californiae, and
Piromyces finnis using protein BLAST (Altschul et al., 1990)
within the MycoCosm portal (Grigoriev et al., 2014). Query
protein sequences were as follows (accession numbers are
given in parenthesis): KAR2 (NP_012500), IRE1 (NP_011946.1),
PERK (NP_649538), eIF2alpha (NP_001285329), and, EROI
(NP_013576), CNEI (NP_009343), and CALR (NP_001262430).
Candidate PERK proteins were also identified by searching
the MycoCosm portal (Grigoriev et al., 2014) for filterered
model proteins annotated as KOG1033 elF-2alpha kinase
PEK/EIF2AK3. Candidate PERK gene models were checked
for RNA coverage in the MycoCosm genomebrowser, using
previously published RNA-seq data (Solomon et al., 2016a).
A. robustus 182287 was selected instead of protein Id 13827
because the associated gene model had better RNA-seq coverage.
Each protein sequence was queried for transmembrane helices
by TMHMM2.0 (Krogh et al., 2001) and for signal peptides

by SignalP-5.0 (Almagro Armenteros et al, 2019). Only
proteins with transmembrane helices were considered as PERK
candidates. PAS and kinase domains were established for each
PERK proteins using CD-Search (Marchler-Bauer and Bryant,
2004).

Protein Sequence Alignment and

Visualization of Putative PERK Homologs
Alignment of protein sequences was performed using Clustal
Omega (Sievers and Higgins, 2018) with default parameters in
the MEGA (Kumar et al., 1994) interface. Protein alignments
were visualized using Jalview (Waterhouse et al, 2009) with
Clustalx coloring and sorted by pairwise identity. The Hanging
sequences with no conservation, such as was the case for T. gondii
TgIF2K-A, were removed to the left and right of the alignment
in Jalview. Accession numbers for PERK proteins used in
alignments were as follows, source organism given in parenthesis:
AAS48463 (Toxoplasma gondii elF2o kinase A, also called
TglF2K-A), XP_011239504 (Mus musculus), XP_024328881.1
(Plasmodium falciparum), XP_953607.1 (Theileria annulata),
NP_001262283 (Drosophila melanogaster), and NP_001300844
(Homo sapiens). MycoCosm (Grigoriev et al., 2014) protein Ids
for PERK candidates from Neocallimastigomycetes are presented
in Supplementary Table 1.
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FIGURE 6 | The genomes of Neocallimastigomycetes are enriched in heat shock proteins (hsps) and favor small hsps over large hsps compared to other fungi.

(A. robustus) or 60 min (N. californiae) after the completion of the heat shock. The presented fractions are the number of upregulated hsps in each class

(A) Pie charts depict the proportion of upregulated genes of each type out of the total number of upregulated hsps (absolute log,FC > 1, p-adjusted < 0.05) at 45 min

(Continued)
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FIGURE 6 | divided by the total number of MycoCosm gene models with the corresponding KOG annotation. KOGO710 (HSP20/HSP42) was further annotated by
InterPro as HSP20. (B) Percentages given are the number of genes annotated as KOGO710 (HSP26/HSP42) or KOG0101 (HSP70/HSC70, HSP70 superfamily) out
of the total number of gene models for each genome, averaged over all published genomes from that clade available from the MycoCosm portal. Each data label is
the ratio of small hsps to large hsps, calculated from the number of gene models assigned to KOGO710 or KOGO101 within each genome. Ratios were also averaged
across all published genomes within a clade. All clades had a significantly different hsp percentage relative to the Neocallimastigomycetes, except for
Glomeromycetes, as assessed by a two-tailed, two-sample unequal variance student’s t-test (alpha level < 0.1). Numbers in parenthesis after each clade name
indicate the number of genomes represented from that clade. Clades are listed in order of divergence from the earliest common ancestor.

Construction of Gene Phylogenies for
Transmembrane Kinases From

Neocallimastigomycetes and Apicomplexa
The following sequences were searched via MMseq2 (Steinegger
and Soding, 2017) against the NCBI non-redundant
protein database, MycoCosm (Grigoriev et al, 2014), and
MMETPS (Keeling et al., 2014): MycoCosm protein Ids 13827
(Anaeromyces robustus), 543476 (Caecomyces churrovis), 503500
(Neocallimastix californiae), and 367815 (Piromyces finnis),
and NCBI accession numbers XP_024328881.1 (Plasmodium
falciparum), XP_953607.1 (Theileria annulata), AAS48463.1
(Toxoplasma gondii), and ACA62938.1 (Toxoplasma gondii).
For searches of Neocallimastigomycete sequences, the class
Neocallimastigomycetes was excluded from the results.
Phylogenetic trees were constructed by FastTree (Price et al.,
2009) and RAXML (Stamatakis, 2014) from these sequences and
their top 100 highest-scoring hits.

Survey of Heat Shock Proteins From the

Fungal Tree of Life

All published genomes in the MycoCosm portal (Grigoriev
et al, 2014) were searched for gene models with the
annotation KOG0710 Molecular chaperone (small heat-shock
protein Hsp26/Hsp42) and KOGO0101 Molecular chaperones
HSP70/HSC70, HSP70 superfamily. The ratio of the count of
gene models annotated as KOG0710 to gene models annotated
as KOGO101 was calculated for each genome and averaged over
all genomes within each clade (class or phylum). A two-tailed,
two-sample unequal variance student’s t-test (alpha level <
0.1) was used to assess significant differences in average hsp
ratios between each clade and the Neocallimastigomycetes. The
percentage of hsps for each genome was calculated by dividing
the sum of all gene models belonging to KOG0101 or KOG0710
by the total number of gene models.

Routine Cultivation of Neocallimastix

caliorniae and Anaeromyces robustus

The anaerobic fungal strains Neocallimastix californiae and
Anaeromyces robustus were isolated via reed canary grass
enrichment from the fecal matter collected from two ruminants
at the Santa Barbara Zoo. N. californiae originates from a goat;
A. robustus originates from a sheep. The isolates were separately
grown at 39°C under anaerobic conditions in Hungate tubes
containing 9.0 mL of autoclaved complex media (“MC”) with
0.1 g of milled reed canary grass as the substrate and 100% CO; in
the headspace. The complex media contains 2.5 g/L yeast extract,
6.0 g/L sodium bicarbonate, 10 g/L Bacto™ Casitone, and 15.0
vol% clarified rumen fluid. The fungal strains achieved mid-log

phase of growth every 3-4 days and were aseptically transferred
at this time point into fresh complex media with 0.1 g of milled
reed canary grass as the substrate. Pressure accumulation in the
headspace due to the production of fermentation gases was used
as a proxy to quantify and track fungal growth.

Heat-Shock Procedure

1.0 mL of either N. californiae and A. robustus was inoculated by
sterile syringe into 0.1 g of reed canary grass substrate and 10 mL
of complex media (Davies et al., 1993) (“MC”) in each Hungate
tube with 100% CO; headspace and grown anaerobically at 39°C
for 48 h. After the growth period, a total of 24 replicates of each
species were subjected to a 48°C water bath for 15 min. The fungi
were harvested in replicates of four at 15min intervals starting
immediately before heat shock (control group) up to 60 min after
the completion of the heat shock. Standard good practices for
working with RNA were followed during all steps. The cultures
were transferred from the Hungate tubes to 15 mL Falcon tubes
at the time of harvest. They were then centrifuged for 7 min at
4°C and 3,220 g in a swinging bucket rotor (Eppendorf™ A-4-
81). One milliliter of RNAlater® (Sigma—Aldrich®) was added to
each of the pellets using sterile, filter pipette tips. The samples
were then vortexed for 5s to thoroughly mix the pellet and
stabilization solution. The Falcon tubes containing the pellets
with RNAlater®, were stored at —20°C until extraction.

RNA Extraction

For each fungal strain, total RNA from a randomly selected
sample from each of four time points was extracted manually
to first ensure the presence of high quality RNA. The remainder
of the samples were subsequently submitted to automated
extraction via a QIAcube (QIAGEN). The frozen cell pellets were
thawed from storage on ice and then centrifuged for 10 min
at 4°C and 3,220 g. The RNAlater™ was decanted from each
replicate and the remaining pellets were transferred to previously
autoclaved 2-mL screw-cap tubes (Fisher Scientific) containing
1 mL of 0.5 mm zirconia beads (Biospec). To each tube, 450 WL
(manual extraction) or 600 L (QIAcube) of a mixture of buffer
RLT (QIAGEN) and 14.3 M B-mercaptoethanol (Sigma) in a ratio
of 1mL to 10 pL, respectively, was added. The cells were lysed
using the Biospec Mini-Beadbeater-16 for 1 min, placed briefly on
ice, and then centrifuged using a microcentrifuge (Eppendorf™
5424) for 3 min at room temperature and 13,000 g. The lysate
was removed using gel-loading pipette tips (Fisher Scientific) and
deposited in either round-bottom tubes for total RNA extraction
(QIAcube exraction) or QIAshredder tubes (manual extraction).
QIAcube extraction was executed following the RNeasy Mini
protocol. Manual extraction was completed according to the
protocol for “Purification of Total RNA from Plant Cells and
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Tissues and Filamentous Fungi” outlined in the RNeasy® Mini
Handbook. The optional on-column DNAse digest was included
in both methods.

RNA Quality Assessment, Library
Preparation, Sequencing, and Data

Analysis Pipeline

RNA quality was assessed for the two critical metrics that dictate
successful sequencing; concentration by Qubit 2.0 Fluorometer
(Invitrogen) and degradation by Agilent TapeStation. All samples
exhibited a starting amount of total RNA above the minimum
threshold for the sequencing protocol (200 ng) and an RNA
Integrity Number (RINe) above 7.0. The Hlumina® Truseq®
Stranded mRNA kit was used to prepare the mRNA libraries
for the N. californiae and A. robustus samples as it isolates
eukaryotic polyadenylated mRNA. The resulting libraries were
sequenced into 75 bp single-end reads employing a high output
kit to generate more than 400 million reads on an Illumina®
NextSeq500. HISAT (Kim et al, 2015) was used to align
the reads of each species to their respective genomes, which
are publically available for download from the Joint Genome
Institute (JGI) MycoCosm portal (Grigoriev et al., 2014). After
mapping, featureCounts (Liao et al., 2014) was used to quantify
the number of reads mapped to distinct genes for each of the
two fungal strains. Subsequently, the DESeq2 (Love et al., 2014)
package in R version 3.4.3(R Core Team, 2013) was used to test
for differential gene expression between the control and each
of the time points following heat shock for N. californiae and
A. robustus, respectively. Genes were classified as differentially
regulated if the requirements of an absolute log, fold change >1
and a p-adjusted value <0.05 were met. The resulting dataset
was then analyzed using the functional annotations from KEGG
(Ogata et al., 1999), GO, InterPro (Mitchell et al., 2018) and KOG
(Koonin et al., 2004) publically available via MycoCosm portal
(Grigoriev et al., 2014).

DATA AVAILABILITY STATEMENT

Protein phylogenies for transmembrane kinases from
Apicomplexa and Neocallimastigomycetes are available at
the following GitHub repository: https://github.com/cswift3/
stress_response_anaerobic_fungi. FASTQ files for all samples

REFERENCES

Almagro Armenteros, J. J., Tsirigos, K. D., Senderby, C. K. Petersen, T.
N., Winther, O., Brunak, S., et al. (2019). SignalP 5.0 improves signal
peptide predictions using deep neural networks. Nat. Biotechnol. 37, 420-423.
doi: 10.1038/s41587-019-0036-z

Altschul, S. F., Gish, W., Miller, W., Myers, E. W, Lipman, D. J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.
doi: 10.1016/50022-2836(05)80360-2

Amezcua, C. A., Harper, S. M., Rutter, J., and Gardner, K. H. (2002).
Structure and interactions of PAS Kinase N-terminal PAS domain:
Model for intramolecular kinase regulation. Structure 10, 1349-1361.
doi: 10.1016/50969-2126(02)00857-2

sequenced as part of this work available through the National
Center for Biotechnology Information (NCBI) BioProject
PRJNA665745 at  https://dataview.ncbi.nlm.nih.gov/object/
PRJNA6657452archive=sra.

AUTHOR CONTRIBUTIONS

CS, NM, and MO’M designed the study and analyzed the data
and edited the manuscript. CS and NM carried out fungal stress
response experiments and RNA-extractions. SM, AS, and IG
aided in analysis of transcriptomic sequencing data. CS wrote the
paper. All authors contributed to the article and approved the
submitted version.

FUNDING

This research project was partially supported by a grant
from Santa Barbara Cottage Hospital and the University
of California, Santa Barbara. The work conducted by the
U.S. Department of Energy Joint Genome Institute, a DOE
Office of Science User Facility, is supported by the Office of
Science of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231. This work was also part of
the DOE Joint BioEnergy Institute (http://www.jbei.org)
supported by the Office of Biological and Environmental
Research of the DOE Office of Science through contract
DE-AC02-05CH11231 between Lawrence Berkeley National
Laboratory and the DOE. CS also acknowledges support from
a National Science Foundation Graduate Research Fellowship
Program under Grant No. 1650114, a UCSB Graduate Division
Dissertation Fellowship, and the UCSB Connie Frank Fellowship.
We thank Dr. Jennifer Smith, manager of the Biological
Nanostructures Laboratory within the California NanoSystems
Institute (CNSI), supported by the University of California,
Santa Barbara and the University of California, Office of
the President.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/ffunb.
2021.708358/full#supplementary-material

Borchsenius, A. S., Wegrzyn, R. D., Newnam, G. P., Inge-Vechtomov, S. G,
and Chernoff, Y. O. (2001). Yeast prion protein derivative defective in
aggregate shearing and production of new “seeds.” EMBO J. 20, 6683-6691.
doi: 10.1093/emboj/20.23.6683

Boreham, D. R., and Mitchel, R. E. J. (1994). Regulation of heat and radiation
stress responses in yeast by hsp-104. Radiat. Res. 137:190. doi: 10.2307/35
78811

Brewster, J. L., de Valoir, T., Dwyer, N. D., Winter, E., and Gustin, M. C. (1993).
An osmosensing signal transduction pathway in yeast. Science 259, 1760-1763.
doi: 10.1126/science.7681220

Burnie, J., and Matthews, R. (2006). Therapeutic Composition. Available at:
https://patents.google.com/patent/US20070154478A1/en (accessed December
27, 2019).

Frontiers in Fungal Biology | www.frontiersin.org

11

August 2021 | Volume 2 | Article 708358


https://github.com/cswift3/stress_response_anaerobic_fungi
https://github.com/cswift3/stress_response_anaerobic_fungi
https://dataview.ncbi.nlm.nih.gov/object/PRJNA665745?archive=sra
https://dataview.ncbi.nlm.nih.gov/object/PRJNA665745?archive=sra
http://www.jbei.org
https://www.frontiersin.org/articles/10.3389/ffunb.2021.708358/full#supplementary-material
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0969-2126(02)00857-2
https://doi.org/10.1093/emboj/20.23.6683
https://doi.org/10.2307/3578811
https://doi.org/10.1126/science.7681220
https://patents.google.com/patent/US20070154478A1/en
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles

Swift et al.

Stress Responses in Anaerobic Fungi

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K.,
et al. (2009). BLAST plus: architecture and applications. BMC Bioinform. 10:1.
doi: 10.1186/1471-2105-10-421

Causton, H. C., Ren, B., Sang Seok, K.oh, Harbison, C. T., Kanin, E., Jennings,
E. G, et al. (2001). Remodeling of yeast genome expression in response to
environmental changes. Mol. Biol. Cell 12, 323-337. doi: 10.1091/mbc.12.2.323

Cheon, S. A,, Jung, K. W,, Bahn, Y. S, and Kang, H. A. (2014). The unfolded
protein response (UPR) pathway in cryptococcus. Virulence 5, 341-350.
doi: 10.4161/viru.26774

Cox, J. S., Shamu, C. E., and Walter, P. (1993). Transcriptional induction of genes
encoding endoplasmic reticulum resident proteins requires a transmembrane
protein kinase. Cell 73, 1197-1206. doi: 10.1016/0092-8674(93)90648-A

Cox, J. S., and Walter, P. (1996). A novel mechanism for regulating activity of
a transcription factor that controls the unfolded protein response. Cell 87,
391-404. doi: 10.1016/50092-8674(00)81360-4

Davies, D. R., Theodorou, M. K., Lawrence, M. I, and Trinci, a P.
(1993). Distribution of anaerobic fungi in the digestive tract of cattle
and their survival in faeces. J. Gen. Microbiol. 139Pt 6, 1395-1400.
doi: 10.1099/00221287-139-6-1395

Dever, T. E. (2002). Gene-specific regulation by general translation Factors. 108,
545-556. doi: 10.1016/S0092-8674(02)00642-6

Dotsenko, A. S., Gusakov, A. V., Rozhkova, A. M., Sinitsyna, O. A,
Nemashkalov, V. A., and Sinitsyn, A. P. (2016). Effect of N-linked glycosylation
on the activity and other properties of recombinant endoglucanase Ila
(Cel5A) from Penicillium verruculosum. Protein Eng. Des. Sel. 29, 495-501.
doi: 10.1093/protein/gzw030

Estruch, F., and De Valencia, U. (2001). Hsflp and Msn2/4p cooperate in
the expression of Saccharomyces cerevisiae genes HSP26 and HSP104 in
a gene- and stress type-dependent manner. Mol. Microbiol. 39, 1523-1532.
doi: 10.1046/j.1365-2958.2001.02339.x

Fernandes, P. M. B., Domitrovic, T., Kao, C. M. and Kurtenbach, E.
(2004). Genomic expression pattern in Saccharomyces cerevisiae cells
in response to high hydrostatic pressure. FEBS Lett. 556, 153-160.
doi: 10.1016/S0014-5793(03)01396-6

Gardner, B. M., Pincus, D., Gotthardt, K., Gallagher, C. M., and Walter, P. (2013).
Endoplasmic reticulum stress sensing in the unfolded protein response. Cold
Spring Harb. Perspect. Biol. 5:a013169. doi: 10.1101/cshperspect.a013169

Gasch, A. P. (2007). Comparative genomics of the environmental stress response
in ascomycete fungi. Yeast 24, 961-976. doi: 10.1002/yea.1512

Gasch, A. P., Spellman, P. T., Kao, C. M., Carmel-Harel, O., Eisen, M. B,
Storz, G., et al. (2000). Genomic expression programs in the response
of yeast cells to environmental changes. Mol. Biol. Cell 11, 4241-4257.
doi: 10.1091/mbc.11.12.4241

Gasch, A. P., and Werner-Washburne, M. (2002). The genomics of yeast responses
to environmental stress and starvation. Funct. Integr. Genomics 2, 181-192.
doi: 10.1007/s10142-002-0058-2

Gasser, B., Maurer, M., Rautio, J., Sauer, M., Bhattacharyya, A., Saloheimo,
M., et al. (2007). Monitoring of transcriptional regulation in Pichia
pastoris under protein production conditions. BMC Genom. 8, 1-18.
doi: 10.1186/1471-2164-8-179

Glover, J. R., and Lindquist, S. (1998). Hsp104, Hsp70, and Hsp40: A novel
chaperone system that rescues previously aggregated proteins. Cell 94, 73-82.
doi: 10.1016/5S0092-8674(00)81223-4

Grigoriev, I. V., Nikitin, R, Haridas, S., Kuo, A., Ohm, R,, Otillar, R,, et al. (2014).
MycoCosm portal: Gearing up for 1000 fungal genomes. Nucleic Acids Res. 42,
699-704. doi: 10.1093/nar/gkt1183

Guillemette, T., van Peij, N. N., Goosen, T., Lanthaler, K., Robson, G. D., van den
Hondel, C. A,, et al. (2007). Genomic analysis of the secretion stress response
in the enzyme-producing cell factory Aspergillus niger. BMC Genom. 8:158.
doi: 10.1186/1471-2164-8-158

Haitjema, C. H., Gilmore, S. P., Henske, J. K., Solomon, K. V., de Groot, R., Kuo,
A, et al. (2017). A parts list for fungal cellulosomes revealed by comparative
genomics. Nat. Microbiol. 2:17087. doi: 10.1038/nmicrobiol.2017.87

Haitjema, C. H., Solomon, K. V., Henske, J. K., Theodorou, M. K., and O’Malley,
M. A. (2014). Anaerobic gut fungi: advances in isolation, culture, and
cellulolytic enzyme discovery for biofuel production. Biotechnol. Bioeng. 111,
1471-1482. doi: 10.1002/bit.25264

Heimel, K. (2014). Unfolded protein response in filamentous fungi—
implications in biotechnology. Appl. Microbiol. Biotechnol. 99, 121-132.
doi: 10.1007/500253-014-6192-7

Heimel, K., Freitag, J., Hampel, M., Ast, J., Bolker, M., and Kémper, J. (2013).
Crosstalk between the unfolded protein response and pathways that regulate
pathogenic development in Ustilago maydis. Plant Cell 25, 4262-4277.
doi: 10.1105/tpc.113.115899

Henske, J. K., Wilken, S. E., Solomon, K. V., Smallwood, C. R., Shutthanandan, V.,
Evans, J. E., etal. (2018). Metabolic characterization of anaerobic fungi provides
a path forward for bioprocessing of crude lignocellulose. Biotechnol. Bioeng.
115, 874-884. doi: 10.1002/bit.26515

Hernandez, G., and Jagus, R. (2016). Evolution of the Protein Synthesis Machinery
and Its Regulation. Springer Nature Switzerland AG.

Hernandez-Elvira, M., Torres-Quiroz, F., Escamilla-Ayala, A., Dominguez-
Martin, E., Escalante, R., Kawasaki, L., et al. (2018). The unfolded protein
response pathway in the yeast kluyveromyces lactis. A Comparative view
among yeast species. Cells 7:106. doi: 10.3390/cells7080106

Hollien, J. (2013). Evolution of the unfolded protein response. Biochim. Biophys.
Acta 1833, 2458-2463. doi: 10.1016/j.bbamcr.2013.01.016

Itoh, T., Tanaka, T., Barrero, R. A., Yamasaki, C., Fujii, Y., Hilton, P. B., et al. (2007).
Curated genome annotation of Oryza sativa ssp. japonica and comparative
genome analysis with Arabidopsis thaliana: The Rice Annotation Project.
Genome Res. 17, 175-183. doi: 10.1101/gr.5509507

Jung, K. W,, So, Y. S., and Bahn, Y. S. (2016). Unique roles of the unfolded protein
response pathway in fungal development and differentiation. Sci. Rep. 6, 1-14.
doi: 10.1038/srep33413

Kaufman, R.J., Scheuner, D., Schréder, M., Shen, X., Lee, K., Liu, C. Y., et al. (2002).
The unfolded protein response in nutrient sensing and differentiation. Nat. Rev.
Mol. Cell Biol. 3, 411-421. doi: 10.1038/nrm829

Keeling, P. J., Burki, F., Wilcox, H. M., Allam, B., Allen, E. E., Amaral-Zettler, L.
A., et al. (2014). The Marine Microbial Eukaryote Transcriptome Sequencing
Project (MMETSP): illuminating the functional diversity of eukaryotic life
in the oceans through transcriptome sequencing. PLoS Biol. 12:e1001889.
doi: 10.1371/journal.pbio.1001889

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12, 357-360. doi: 10.1038/nmeth.
3317

Koonin, E., Fedorova, N., Jackson, J., Jacobs, A., Krylov, D., Makarova, K,
et al. (2004). A comprehensive evolutionary classification of proteins encoded
in complete eukaryotic genomes. Genome Biol. 5:R7. doi: 10.1186/gb-2004-
5-2-r7

Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E. L. (2001).
Predicting transmembrane protein topology with a hidden markov model:
application to complete genomes. J. Mol. Biol. 305, 567-580. doi: 10.1006/jmbi.
2000.4315

Kumar, S., Tamura, K., and Nei, M. (1994). MEGA: Molecular evolutionary
genetics analysis software for microcomputers. Bioinformatics 10, 189-191.
doi: 10.1093/bioinformatics/10.2.189

Lee, Y. ., Kim, K. J., Kang, H. Y., Kim, H. R, and Maeng, P. J. (2012). Involvement
of GDH3-encoded NADP+-dependent glutamate dehydrogenase in yeast cell
resistance to stress-induced apoptosis in stationary phase cells. J. Biol. Chem.
287, 44221-44233. doi: 10.1074/jbc.M112.375360

Liao, Y., Smyth, G. K., and Shi, W. (2014). FeatureCounts: an efficient
general purpose program for assigning sequence reads to genomic
features.  Bioinformatics 30, 923-930. doi: 10.1093/bioinformatics/
btt656

Lindquist, S., and Craig, E. A. (1988). The heat -shock proteins. Annu. Rev. Genet
22,631-677. doi: 10.1146/annurev.ge.22.120188.003215

Liu, Y., and Chang, A. (2008). Heat shock response relieves ER stress. EMBO J. 27,
1049-1059. doi: 10.1038/emboj.2008.42

Love, M. 1., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Mager, W. H., and Ferreira, P. M. (1993). Stress response of yeast. Biochem. ]. 290,
1-13. doi: 10.1042/bj2900001

Marchler-Bauer, A., and Bryant, S. H. (2004). CD-Search: protein domain
annotations on the fly. Nucleic Acids Res. 32, 327-331. doi: 10.1093/nar/gkh454

Frontiers in Fungal Biology | www.frontiersin.org

12

August 2021 | Volume 2 | Article 708358


https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1091/mbc.12.2.323
https://doi.org/10.4161/viru.26774
https://doi.org/10.1016/0092-8674(93)90648-A
https://doi.org/10.1016/S0092-8674(00)81360-4
https://doi.org/10.1099/00221287-139-6-1395
https://doi.org/10.1016/S0092-8674(02)00642-6
https://doi.org/10.1093/protein/gzw030
https://doi.org/10.1046/j.1365-2958.2001.02339.x
https://doi.org/10.1016/S0014-5793(03)01396-6
https://doi.org/10.1101/cshperspect.a013169
https://doi.org/10.1002/yea.1512
https://doi.org/10.1091/mbc.11.12.4241
https://doi.org/10.1007/s10142-002-0058-2
https://doi.org/10.1186/1471-2164-8-179
https://doi.org/10.1016/S0092-8674(00)81223-4
https://doi.org/10.1093/nar/gkt1183
https://doi.org/10.1186/1471-2164-8-158
https://doi.org/10.1038/nmicrobiol.2017.87
https://doi.org/10.1002/bit.25264
https://doi.org/10.1007/s00253-014-6192-7
https://doi.org/10.1105/tpc.113.115899
https://doi.org/10.1002/bit.26515
https://doi.org/10.3390/cells7080106
https://doi.org/10.1016/j.bbamcr.2013.01.016
https://doi.org/10.1101/gr.5509507
https://doi.org/10.1038/srep33413
https://doi.org/10.1038/nrm829
https://doi.org/10.1371/journal.pbio.1001889
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1186/gb-2004-5-2-r7
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1093/bioinformatics/10.2.189
https://doi.org/10.1074/jbc.M112.375360
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1146/annurev.ge.22.120188.003215
https://doi.org/10.1038/emboj.2008.42
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1042/bj2900001
https://doi.org/10.1093/nar/gkh454
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles

Swift et al.

Stress Responses in Anaerobic Fungi

Marchler-Bauer, A., Derbyshire, M. K., Gonzales, N. R,, Lu, S., Chitsaz, F., Geer, L.
Y., et al. (2014). CDD: NCBI’s conserved domain database. Nucleic Acids Res.
43, D222-226. doi: 10.1093/nar/gkul221

Martin, E., and Gretchen, E. (1999). Heat-shock proteins, molecular chaperones,
and the stress response: evolutionary and ecological physiology. Annu. Rev.
Physiol. 61, 243-282. doi: 10.1146/annurev.physiol.61.1.243

Mattanovich, D., Gasser, B., Hohenblum, H., and Sauer, M. (2004). Stress
in recombinant protein producing yeasts. J. Biotechnol. 113, 121-135.
doi: 10.1016/j.jbiotec.2004.04.035

Mitchell, A. L., Attwood, T. K., Babbitt, P. C., Blum, M., Bork, P., Bridge,
A., et al. (2018). InterPro in 2019: improving coverage, classification
and access to protein sequence annotations. Nucleic Acids Res. 47, 1-10.
doi: 10.1093/nar/gky1100

Mondo, S. J., Dannebaum, R. O., Kuo, R. C., Louie, K. B., Bewick, A. J., LaButti, K.,
etal. (2017). Widespread adenine N6-methylation of active genes in fungi. Nat.
Genet. 49, 964-968. doi: 10.1038/ng.3859

Mori, K., Kawahara, T., Yoshida, H., Yanagi, H., and Yura, T. (1996). Signalling
from endoplasmic reticulum to nucleus: transcription factor with a basic-
leucine zipper motif is required for the unfolded protein-response pathway.
Genes Cells 1, 803-817. doi: 10.1046/j.1365-2443.1996.d01-274.x

Morl, K., Ma, W, Gething, M. J, and Sambrook, J. (1993). A
transmembrane protein with a cdc2+ CDC28-related kinase activity
is required for signaling from the ER to the nucleus. Cell 74, 743-756.
doi: 10.1016/0092-8674(93)90521-Q

Muralidharan, V., and Goldberg, D. E. (2013). Asparagine repeats in
Plasmodium falciparum proteins: good for nothing? PLoS Pathog. 9, 8-11.
doi: 10.1371/journal.ppat.1003488

Muralidharan, V., Oksman, A., Pal, P., Lindquist, S., and Goldberg, D. E. (2012).
Plasmodium falciparum heat shock protein 110 stabilizes the asparagine
repeat-rich parasite proteome during malarial fevers. Nat. Commun. 3:1310.
doi: 10.1038/ncomms2306

Narasimhan, J., Joyce, B. R., Naguleswaran, A., Smith, A. T., Livingston,
M. R, Dixon, S. E., et al. (2008). Translation regulation by eukaryotic
initiation factor-2 kinases in the development of latent cysts in
Toxoplasma gondii. J. Biol. Chem. 283, 16591-16601. doi: 10.1074/jbc.M80
0681200

Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and Kanehisa, M. (1999).
KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 27, 29-34.
doi: 10.1093/nar/27.1.29

O’Malley, M. A., Mancini, J. D., Young, C. L., McCusker, E. C., Raden, D., and
Robinson, A. S. (2009). Progress toward heterologous expression of active
G-protein-coupled receptors in Saccharomyces cerevisiae: Linking cellular
stress response with translocation and trafficking. Protein Sci. 18, 2356-2370.
doi: 10.1002/pro.246

Orpin, C. G. (1975). Studies on the rumen flagellate neocallimastix frontalis. J. Gen.
Microbiol. 91, 249-262. doi: 10.1099/00221287-91-2-249

Orpin, C. G. (1976). Studies on the rumen flagellate Sphaeromonas
communis. J. Gen. Microbiol. 94, 270-280. doi: 10.1099/00221287-
94-2-270

Parlati, F., Dominguez, M., Bergeron, J. J. M., and Thomas, D. Y. (1995).
Saccharomyces cerevisiae CNE1 encodes an endoplasmic reticulum (ER)
membrane protein with sequence similarity to calnexin and calreticulin and
functions as a constituent of the ER quality control apparatus. J. Biol. Chem.
270, 244-253. doi: 10.1074/jbc.270.1.244

Price, M. N., Dehal, P. S, and Arkin, A. P. (2009). Fasttree: computing large
minimum evolution trees with profiles instead of a distance matrix. Mol. Biol.
Evol. 26, 1641-1650. doi: 10.1093/molbev/msp077

R Core Team. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing (2013). Available online at: https://www.
r-project.org/ (accessed February 20, 2020).

Rothenburg, S., Georgiadis, M. M., and Wek, R. C. (2016). “Evolution
of elF2alpha kinases: adapting translational control to diverse stresses,”
in Evolution of the Protein Synthesis Machinery and Its Regulation, eds
G. Hernidndez, and R. Jagus (Cham: Springer International Publishing),
235-260.

Schmuths, H., Meister, A., Horres, R., and Bachmann, K. (2004). Genome size
variation among accessions of Arabidopsis thaliana. Ann. Bot. 93, 317-321.
doi: 10.1093/aob/mch037

Seppild, S., Solomon, K. V., Gilmore, S. P., Henske, J. K., and O’Malley, M. A.
(2016). Mapping the membrane proteome of anaerobic gut fungi identifies a
wealth of carbohydrate binding proteins and transporters. Microb. Cell Fact.
15, 1-14. doi: 10.1186/s12934-016-0611-7

Seppild, S., Wilken, S. E., Knop, D., Solomon, K. V., and O’Malley, M. A.
(2017). The importance of sourcing enzymes from non-conventional fungi
for metabolic engineering and biomass breakdown. Metab. Eng. 44, 45-59.
doi: 10.1016/j.ymben.2017.09.008

Sievers, F., and Higgins, D. G. (2018). Clustal Omega for making accurate
alignments of many protein sequences. Protein Sci. 27, 135-145.
doi: 10.1002/pro.3290

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al.
(2011). Fast, scalable generation of high-quality protein multiple sequence
alignments using Clustal Omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.
2011.75

Solomon, K. V., Haitjema, C. H., Henske, J. K., Gilmore, S. P., Borges-Rivera,
D., Lipzen, A., et al. (2016a). Early-branching gut fungi possess a large,
comprehensive array of biomass-degrading enzymes. Science (80-.). 351,
1192-1195. doi: 10.1126/science.aad1431

Solomon, K. V. Henske, J. K, Theodorou, M. K., and O’Malley, M.
A. (2016b). Robust and effective methodologies for cryopreservation
and DNA extraction from anaerobic gut fungi. Anaerobe 38, 39-46.
doi: 10.1016/j.anaerobe.2015.11.008

Stamatakis, A. (2014). RAXML version 8: A tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics 30, 1312-1313.
doi: 10.1093/bioinformatics/btu033

Starke, J., Harting, R., Maurus, I, Leonard, M., Bremenkamp, R., Heimel,
K., et al. (2021). Unfolded protein response and scaffold independent
pheromone MAP kinase signaling control verticillium dahliae growth,
development, and plant pathogenesis. J. Fungi 7, 1-29. doi: 10.3390/jof70
40305

Steinegger, M., and S6ding, J. (2017). MMseqs2 enables sensitive protein sequence
searching for the analysis of massive data sets. Nat. Biotechnol. 35, 1026-1028.
doi: 10.1038/nbt.3988

Taylor, B. L., and Zhulin, I. B. (1999). PAS domains: internal sensors of
oxygen, redox potential, and light. Microbiol. Mol. Biol. Rev. 63, 479-506.
doi: 10.1128/ MMBR.63.2.479-506.1999

Travers, K. J., Patil, C. K., Wodicka, L., Lockhart, D. J., Weissman, J.
S., and Walter, P. (2000). Functional and genomic analyses reveal an
essential coordination between the unfolded protein response and ER-
associated degradation. Cell 101, 249-258. doi: 10.1016/S0092-8674(00)
80835-1

Trinci, A. P. J., Davies, D. R., Gull, K., Lawrence, M. L., Bonde Nielsen, B., Rickers,
A, et al. (1994). Anaerobic fungi in herbivorous animals. Mycol. Res. 98,
129-152. doi: 10.1016/S0953-7562(09)80178-0

Valkonen, M., Penttild, M., and Saloheimo, M. (2003a). Effects of inactivation
and constitutive expression of the unfolded-protein response pathway
on protein production in the vyeast Saccharomyces cerevisiae. Appl.
Environ.  Microbiol. 69, 2065-2072. doi: 10.1128/AEM.69.4.2065-20
72.2003

Valkonen, M., Ward, M., Wang, H. Penttild, M., and Saloheimo, M.
(2003b). Improvement of foreign-protein production in Aspergillus niger
var. awamori by constitutive induction of the unfolded-protein response.
Appl. Environ. Microbiol. 69, 6979-6986. doi: 10.1128/AEM.69.12.6979-69
86.2003

Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M., and Barton, G. J.
(2009). Jalview Version 2-A multiple sequence alignment editor and analysis
workbench. Bioinformatics 25, 1189-1191. doi: 10.1093/bioinformatics/btp033

Wek, R. C., and Cavener, D. R. (2007). Translational control and the
unfolded protein response. Antioxid. Redox Signal. 9, 2357-2372.
doi: 10.1089/ars.2007.1764

Wek, R. C, Jiang, H. Y., and Anthony, T. G. (2006). Coping with stress:
EIF2 kinases and translational control. Biochem. Soc. Trans. 34, 7-11.
doi: 10.1042/BST0340007

Wilken, S. E., Seppili, S., Lankiewicz, T. S., Saxena, M., Henske, J. K., Salamov,
A. A, et al. (2020). Genomic and proteomic biases inform metabolic
engineering strategies for anaerobic fungi. Metab. Eng. Commun. 10:¢00107.
doi: 10.1016/j.mec.2019.e00107

Frontiers in Fungal Biology | www.frontiersin.org

13

August 2021 | Volume 2 | Article 708358


https://doi.org/10.1093/nar/gku1221
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.1016/j.jbiotec.2004.04.035
https://doi.org/10.1093/nar/gky1100
https://doi.org/10.1038/ng.3859
https://doi.org/10.1046/j.1365-2443.1996.d01-274.x
https://doi.org/10.1016/0092-8674(93)90521-Q
https://doi.org/10.1371/journal.ppat.1003488
https://doi.org/10.1038/ncomms2306
https://doi.org/10.1074/jbc.M800681200
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1002/pro.246
https://doi.org/10.1099/00221287-91-2-249
https://doi.org/10.1099/00221287-94-2-270
https://doi.org/10.1074/jbc.270.1.244
https://doi.org/10.1093/molbev/msp077
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1093/aob/mch037
https://doi.org/10.1186/s12934-016-0611-7
https://doi.org/10.1016/j.ymben.2017.09.008
https://doi.org/10.1002/pro.3290
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1126/science.aad1431
https://doi.org/10.1016/j.anaerobe.2015.11.008
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.3390/jof7040305
https://doi.org/10.1038/nbt.3988
https://doi.org/10.1128/MMBR.63.2.479-506.1999
https://doi.org/10.1016/S0092-8674(00)80835-1
https://doi.org/10.1016/S0953-7562(09)80178-0
https://doi.org/10.1128/AEM.69.4.2065-2072.2003
https://doi.org/10.1128/AEM.69.12.6979-6986.2003
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1089/ars.2007.1764
https://doi.org/10.1042/BST0340007
https://doi.org/10.1016/j.mec.2019.e00107
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles

Swift et al.

Stress Responses in Anaerobic Fungi

Wu, J, Wang, M., Zhou, L, and Yu, D. (2016). Small heat shock
proteins, phylogeny in filamentous fungi and expression analyses in
Aspergillus  nidulans.  Gene 575, 675-679. doi: 10.1016/j.gene.2015.
09.044

Youssef, N. H., Couger, M. B., Struchtemeyer, C. G., Liggenstoffer, A. S., Prade,
R. A, Najar, F. Z, et al. (2013). The genome of the anaerobic fungus
Orpinomyces sp. strain CIA reveals the unique evolutionary history of a
remarkable plant biomass degrader. Appl. Environ. Microbiol. 79, 4620-4634.
doi: 10.1128/AEM.00821-13

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Swift, Malinov, Mondo, Salamov, Grigoriev and O’Malley. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Fungal Biology | www.frontiersin.org

14

August 2021 | Volume 2 | Article 708358


https://doi.org/10.1016/j.gene.2015.09.044
https://doi.org/10.1128/AEM.00821-13
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles

	A Genomic Catalog of Stress Response Genes in Anaerobic Fungi for Applications in Bioproduction
	Introduction
	Results and Discussion
	Neocallimastigomycetes May Share Components of the Metazoan Unfolded Protein Response
	Comparative Transcriptomics of the Responses of A. robustus and N. californiae to Heat Shock Affirms Signature Stress Response Genes
	Neocallimastigomycetes Harbor a Disproportionate Number of Small Chaperones Among Fungi

	Conclusion
	Materials and Methods
	Annotation of Genes in the Neocallimastigomycete Unfolded Protein Response
	Protein Sequence Alignment and Visualization of Putative PERK Homologs
	Construction of Gene Phylogenies for Transmembrane Kinases From Neocallimastigomycetes and Apicomplexa
	Survey of Heat Shock Proteins From the Fungal Tree of Life
	Routine Cultivation of Neocallimastix caliorniae and Anaeromyces robustus
	Heat-Shock Procedure
	RNA Extraction
	RNA Quality Assessment, Library Preparation, Sequencing, and Data Analysis Pipeline

	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


