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Abstract: Microsporidia are obligate intracellular eukaryotic parasites that have significantly reduced
genomes and that have lost most of their introns. In the current study, we characterized a gene
in microsporidia Nosema bombycis, annotated as TRAPx (HNbTRAPw). The homologous of TRAPx
are a functional component of ER translocon and facilitates the initiation of protein translocation
in a substrate-specific manner, which is conserved in animals but absent from most fungi. The
coding sequence of HNPTRAPw consists of 2226 nucleotides, longer than the majority of homologs in
microsporidia. A 3’ RACE analysis indicated that there were two mRNA isoforms resulting from
non-canonical alternative polyadenylation (APA), and the polyadenylate tail was synthesized after
the C%! or C!1%7 nucleotide, respectively. Indirect immunofluorescence analysis showed two different
localization characteristics of HNbTRAPw«, which are mainly located around the nuclear throughout
the proliferation stage and co-localized with the nuclear in mature spores. This study demonstrated
that the post-transcriptional regulation mechanism exists in Microsporidia and expands the mRNA
isoform repertoire.

Keywords: microsporidia; Nosema bombycis; TRAP«; alternative polyadenylation

1. Introduction

Microsporidia is a phylum with diverse single-celled intracellular parasites infecting
almost all the animals and some protists [1-5]. They are characterized by unique infection
apparatus, which consist of a polaroplast, polar tube, and posterior vacuole, as well as
a thick chitin layer spore wall. The genomes of microsporidia range from 2.3 Mbp to
51.3 Mbp, and the microsporidium Encephalitozoon intestinalis has the smallest known
eukaryotic genome [3,6-8]. Microsporidia have lost many genes related to metabolic and
regulatory pathways, and even have drastic reductions in the length of non-coding regions
(i.e., intergenes and introns) [6]. Many microsporidia have tiny intergenic regions (IGRs),
and the IGRs of the E. intestinalis, for example, have an average length of only 115 base
pairs [9], with coding regions accounting for 90% of the entire genome [10]. The length of
the IGRs can even be negative, and the genes can overlap with each other [3,9,11]. Some
genera of microsporidian have lost both splicing machinery and introns [12,13], while others
that retain introns have reductions in both their number and length [14,15]. Microsporidia
prefer to retain secreted proteins like hexokinase and trehalase [16]. These secreted proteins
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enter the host’s metabolic pathway and cause upregulation of the nucleotide, amino
acid, and fatty acid biosynthesis in the host [17,18]. Plentiful transporters, which are
located at the interface between the host and the parasite, allow the microsporidia to
steal ATP and metabolites from the host [6,19]. Microsporidian genome evolution is a
highly dynamic process that has balanced constraint, reductive evolution, and genome
expansion during the adaptation to an extraordinarily successful obligate intracellular
lifestyle [20]. Microsporidia are fascinating in that they produce unique spores that are
one of the most complex single-celled forms known to the biological world [21]. Due to
the unique structure of spores, which are equipped with an infection apparatus and are
remarkable in a wide range of hosts, detailed research on microsporidia will deepen our
understanding of pathogens.

Nosema bombycis is a well-known microsporidium and the major pathogen of the
silkworm Bombyx mori, which once caused catastrophic damage in sericulture. Herein, we
found a protein annotated as the translocon-associated protein TRAP«x in N. bombycis and
demonstrated the existence of a non-canonical alternative polyadenylation (non-APA) in
its transcription process. Alternative polyadenylation (APA) is a widespread mechanism
used to control gene expression. APA occurs when a single gene has multiple poly(A)
sites, and regulates the function, stability, localization, and translation efficiency of the
genes by generating various isoforms of transcripts [22]. Depending on where the different
poly(A) sites are located in the genes, APA events are separated into two major categories:
the untranslated region APA and the coding region APA [23]. Generally, polyadenylation
events occur at the 3’ untranslated region (3’ UTR), but APA may also occur at different
regions inside the loci (5" UTRs, introns or exons), which are known as non-canonical
sites [24]. Extracellular stimulation affects the selection of poly(A) sites, by influencing
the expression of proteins involved in polyadenylation [25]. The APA closer to the 5" end,
indicates that the mRNAs have shorter 3’ UTRs, which means that the mRNAs get longer
half-lives and produce more proteins. This approach can help cells respond to changes in
the external environment [26].

The translocon-associated protein (TRAP), originally identified as a signal-sequence
receptor (SSR), is a tetrameric complex substrate that specifically facilitates the initiation
of protein translocation [27-31]. TRAP« is a single-spanning membrane glycoprotein
of molecular weight ~34 kDa and displays a remarkable charge distribution, with the
N terminus highly negatively charged and C terminus positively charged [32]. TRAP«x
can be cross-linked to nascent chains and membrane-bound ribosomes [30,33]. Hirama
et al. first reported the TRAP« transcripts induced by granulocyte-macrophage colony-
stimulating factor in the growth factor-dependent human myeloid cell line TF-1 and
exhibited a complicated non-canonical alternative polyadenylation (APA) [34].

In this study, the hypothetical translocon-associated protein HNbTRAPw in N. bom-
bycis exhibited non-canonical alternative polyadenylation, which showed two different
localization patterns at different developing stages of N. bombycis. The analysis will enhance
our understanding of the adaptive evolution and post-transcriptional regulation of the
microsporidian genome.

2. Materials and Methods
2.1. Spores Purification

The fifth instar silkworm larvae infected with 10° spores of N. bombycis were collected
at the pupal stage. Pupas discarded epidermis and intestines were homogenized and
diluted with the appropriate amount of sterilized ddH,O and, subsequently, filtered with
gauze, followed by cotton. The filter liquor was centrifuged at 500 rpm for 5 min at room
temperature, then the supernatant was transferred to a new tube and recentrifuged at
3000 rpm for 5 min at room temperature to collecting precipitation. After 3 instances of
differential centrifugation, the sediments were resuspended with sterilized ddH,O. The
primary extracted spores were filtered with new cotton twice and resuspended in the
appropriate amount of sterilized ddH,O. The spore suspension was delivered to the Percoll
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discontinuous density gradient centrifugation (30%, 45%, 60%, 90%, v/v) and centrifuged at
16,000 g at 4 °C for 40 min. Separated spores in a 90% layer (mainly mature spores) were
collected and washed with sterile ddH,O no less than 3 times, until no Percoll remained.
The purified spores were stored as precipitation in just enough sterilized ddH,O with
penicillin-streptomycin antibiotics (100 U/mL) at 4 °C to maintain their vitality.

2.2. Genomic DNA and Total RNA Extraction

The fourth instar silkworm larvae were infected with 10* spores of N. bombycis per
individual by oral administration and reared to the fifth instar stage. The midgut at the late
stage of the fifth instar larvae were collected and frozen immediately with liquid nitrogen.
A portion of the midgut was ground and the infection by N. bombycis was detected by
microscopy. Then, three severely infected tissues were ground in liquid nitrogen. A
moderate powdered mixture was immediately transferred into an RNase-free centrifuge
tube, which had CPL/ 3-mercaptoethanol added beforehand. The genomic DNA and total
RNA of the infected midgut were extracted using the Omega EZNA™ Plant DNA /RNA
Kit (R6733-01), following the instructions.

The genomic DNA of the purified N. bombycis spores was extracted using the CTAB
method. Briefly, 10% of N. bombycis spores were incubated with 2% CTAB buffer (8.0 g
cetyltrimethylammonium bromide together with 32.728 g NaCl, 40 mL 1M Tris-HCI (pHS.0),
and 16 mL 1 M EDTA were dissolved in ddH,O to a final volume of 400 mL) and protease
K at 65 °C for 2 h. After being centrifuged at 6000 rpm for 1 min, the supernatant was
transferred to a new tube for routine phenol chloroform extraction. The final purified
genomic DNA was dissolved in sterilized ddH,O and stored at —20 °C.

2.3. 3 RACE Analysis

The 3’ terminal of HNVTRAP« was analyzed using the 3’ Full RACE Core Set with
the PrimeScript™ RTase kit (TaKaRa, Code No. RR002A, Maebashi, Japan). Four specific
primers were designed according to the sequence information, each of which was named
the following: HNbTRAPx-GSP1, HNbTRAP«-GSP2, HNbTRAP«-GSP3, and HNbTRAP«-
GSP4 (Table 1). These primers were combined in pairs, as GSP1 (outer primer)-GSP2
(inner primer), GSP1 (outer primer)-GSP3 (inner primer), GSP1 (outer primer)-GSP4 (in-
ner primer), GSP2 (outer primer)-GSP3 (inner primer), GSP2 (outer primer)-GSP4 (inner
primer), and GSP3 (outer primer)-GSP4 (inner primer), respectively, for the nested PCR.
Using the N. bombycis total RNA extracted from infected silkworm midguts as the template,
the 1st strand cDNA was synthesized by using the 3’ RACE adaptor primer for reverse
transcription. The total RNA used in each reverse transcription reaction was 1 pug. The 1st
PCR reaction was performed using GSP1~GSP4 as the specific upstream outer primers and
the 3’ RACE outer primer as the downstream primer. If the target product was not obtained
through the 1st PCR reaction, the 2nd PCR reaction was performed using GSP2~GSP4
as the specific upstream inner primers and the 3’ RACE inner primer as the downstream
primer. The detail of the operation was referred to in the specification of the kit. The PCR
products were cloned into the pBluescript II KS (-) vector and sequenced later.

Table 1. List of primers used in this study.

Amplicon Region or

Primer Primer Sequence (5,-3/) Initiation Site (bp)
HNbTRAPx-N_F CGGGATCCATGACAAAAGCCCTTCATAA 1-69
HNbTRAPx-N_R GCGTCGACAGGATTTCGAGCCATTAGATG -
HNbTRAP«x-M_F CGCGGATCCATGCCTTACAATTCATTC 697-981
HNbBTRAPa-M_R GTCGTCGACGTTTATTTTTGGCTGTAA -
HNbTRAP«-C_F CGGGATCCATGGAGACTATTGAGAGC 1704-2226
HNbTRAPa-C_R GTCGTCGACATTATACAAGCGTATTAT B
HNbTRAP«-GSP1 GGAGAAATGAAGCAGACACC 229
HNbTRAPx-GSP2 CAGATAGAAGCAGCAGTAGG 376
HNbTRAP«-GSP3 GGATGATGAAGAAGAGGAGG 405

HNbTRAPx-GSP4 AGAGAGTGCGTAATAGGGAG 443
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2.4. Pathogen Inoculation

The fresh silkworm pupa infected by N. bombycis was wiped with 75% alcohol twice,
then soaked in 3% H,O, solution for 1 min. Then, the pupa was immediately transferred
into enough sterilized ddH;O, at least three times, avoiding the damage to spores caused by
H,0;. The hemolymph, which was filled with N. bombycis at different development phases,
was collected at the somite of the pupa through puncturing with a sterilized micropipette.
The hemolymph was mixed with the right amount of N-Phenylthiourea and centrifuged at
3000 rpm for 2 min. Afterwards, the precipitates containing the spores were washed with
sterilized 1x PBS several times and resuspended with the Grace medium (Gibco, Billings,
MT, USA). The counted spores were added to the 5f9 or BmE-SWU cells in a 10:1 ratio.
Infected cells were cultured at 28 °C in the Grace medium with 10% fetal bovine serum
(Gibco, Billings, MT, USA).

2.5. The Specific HNVTRAPw«-Antisera Preparation

Specific primers (Table 1) were designed using the Primer Premier 5 software [35], and
the forward and reverse primers were added with the BamHI and Sal I restrictions sites
individually. Then, the fragments of the N terminus (1-696 bp), central region (697-981 bp),
and C terminus (1704-2226 bp) of the HNbTRAP«x were amplified, using the N. bombycis
genomic DNA as a template. The PCR products purified by agarose gel recovery were
cloned into the pCold I vector, which was digested by BamHI and Sal I. Recombinant
plasmids were transformed into Escherichia coli Rosetta competent cells. The single colony
containing the pCold I-HNbTRAPwx plasmid was expanded in an LB medium. Then,
the recombinant bacteria at the log-growth stage was induced to express recombinant
HNbTRAP« (tHNbTRAP«) by adding 0.1 mM IPTG (isopropyl-bD-thiogalactopyranoside)
and cultured at 16 °C for 24 h. The collected bacteria were broken up with ultrasonic
vibration and the precipitation was removed by centrifugation. The supernatant containing
rHNbTRAP« was purified using Ni Sepharose (GE, New York, NY, USA). The concentra-
tion of the final obtained rtHNbTRAP«x was detected using the Bradford method. Then,
100 pg of recombinant protein dissolved in PBS (pH 7.4) was emulsified with an equal
volume of Freund’s adjuvant (Sigma-Aldrich, Saint Louis, MO, USA). Balb/c mice were
immunized subcutaneously every week. Complete Freund’s adjuvant was used at the first
immunization and incomplete Freund’s adjuvant was used the remainder 3 times. Then,
antisera were obtained one week after the fourth immunization and stored at —20 °C. The
antibody titer was detected using the indirect ELISA.

2.6. Immunoblottings

Proteins extracted from the mature spores and N. bombycis infected Sf9 cells were
subject to 12% SDS-PAGE. The separated proteins were transferred on a PVDF membrane
and used for immunoblotting. After blocking, an anti-HNbTRAPx-C serum with a dilution
of 1:500 and a HRP-conjugated goat anti-mouse IgG (Sigma, Saint Louis, MO, USA) with a
dilution of 1:8000 in a blocking buffer were incubated with a membrane for 0.5 h at room
temperature, separately. The membrane, which was washed three times, was detected with
Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, USA).

2.7. Immunofluorescence Analysis

The cells Infected after 3, 6, 12, and 17 days were collected, respectively, and cultured
on coverslips at 28 °C for 2 h. The cells were washed twice in 1x PBS (pH 7.4) and fixed
with 4% formaldehyde at room temperature for 10 min. After PBS washing, the fixed cells
were handled before permeabilization in PBS-1% TritonX-100 for 20 min. Then the samples
were washed three times in PBST (PBS + 0.5% Tween 20) for 5 min each time. The cells
were incubated with PBST containing 10% goat serum and 5% BSA as a blocking buffer
at room temperature for 1 h. After being washed three times, as above, the samples were
co-incubated with mouse anti-HNbTRAP« serum and rabbit anti-Nbtubulin-f serum [36],
with a dilution rate of 1:100 in blocking bulffer, for 1 h at room temperature. The normal
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serum of the mouse and rabbit were used as negative controls. Followed by washing three
times, the samples were co-incubated with Alexa Fluor® 488 conjugate goat anti-mouse
IgG and Alexa Fluor® 594 conjugate goat anti-rabbit IgG (Thermo Fisher, Waltham, MA,
USA), as well as DAPI (4'6-diamidino-2-phenylindole, Sigma, 1:1000 diluted) for 40 min
at room temperature. After being washed three times, the samples with added ProLong®
Gold antifade reagents (Thermo Fisher, Waltham, MA, USA) were sealed and imaging was
carried out using an Olympus FV1200 laser scanning confocal microscope.

3. Results
3.1. Sequence Analysis of HNbPTRAPw

The open reading frames of HNbTRAP« (Genbank. OQ632563) are 2226 bp in length
and, theoretically, they encode a protein with a molecular weight of 86 kDa and pl of
8.78. The sequence of HNVTRAP« is nearly twice as long as other genes, except the
ones of Vittaforma corneae. Although multiple sequence alignment showed HNbTRAP«x
had low similarity with homologs in other microsporidia and TRAP« in fungi, the N
terminal sequences of microsporidian HTRAP« are comparatively conserved. TRAPx
was characterized by a negatively charged N terminal in mammalian and Oncorhynchus
mykiss, which played a regulatory role through combining with the calcium existing in
ER lumen. However, the number of negative residues in HNbTRAP« was not dominant
(Figure S1). The phylogenetic tree further indicated that the evolution of HNbTRAP«x
was independent of fungi and protozoa, and not conserved with reported mammalian
sequences. HNbTRAP« in microsporidia was clustered into a solo branch. Functional
domain prediction indicates the existence of the nucleus localization motif in microsporidia
and mammalian hosts. It is remarkable that there was no transmembrane helix and signal
peptides predicted in HNbTRAP«, while they were relatively conserved among others of
the mammalian and other species (Figure 1).

65 Bombyx mori | NP_001091760.1 | |
—”E Aedes al 5| XP_019541637.2 [}
85 Bemisia tabaci | XP_018900209.1 Insect
mykiss | NP_001118198.1 | |
4‘—: Canis lu n
%
85 9 Homo say 5 Mammalian §
Ve | XP_013304176.1 |
Trichinella papuae | KRZ71405.1
ins | CUG92951.1 | |
i | AYU78717.1 | |
RNC44078.1 parasitic protozoa gy
| KAF0400799.1 1
86 M164 | XP_038933486.1 | |
61 us SU-I | KIK65893.1 |
% Metar} bertsii | EXV05052.1 | |
99 Trichoderma reesei QM6a | XP_006969092. 1 Fungi g

Vittaforma corneae ATCC 50505 | XP_007604058.1

® Nosema bombycis 1 1 7422
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intestinalis | XP_003072770.1 1 3308

itoz00n cuniculi | XP_003887147.1 1 8aa
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Figure 1. Phylogenetic analysis based on TRAP« in species and microsporidian HTRAP« using the
maximum-likelihood method. Amino acid sequences downloaded from the NCBI database were
used to construct a phylogenetic tree using MEGA 11 software. The Jones-Taylor—Thornton (JTT)
model and bootstrap method with 1000 replications were selected to construct a maximum-likelihood
tree. Signal peptide, transmembrane domain and nuclear localization signals were predicted by
SignalP 5.0 (SignalP 5.0 Services, DTU Health Tech), DeepTMHMM (DTU/DeepTMHMM, BioLib),
and cNLS Mapper (NLS Mapper (keio.ac.jp)), respectively. As the result shows, TRAP« from different
species mainly clustered into four clades, and the HNbTRAP« clustered with other microsporidia
homologues independently. The insects TRAP« are relatively close to mammalian ones. All mi-
crosporidia TRAP« lacked signal sequence and transmembrane domains. The amino acid sequence
lengths and function domain sites shown in the diagram are drawn to scale. Each species name is
followed by the GeneBank ID or NCBI accession number of the sequence.
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3.2. Two Transcriptional Isoform of HNPTRAPw«

Considering the sequence length of HNVTRAP« is much longer than other genes,
and there are three coding sequences with different lengths in the genome database of
N. bombycis, we performed the 3’ RACE to analyze whether alternative polyadenylation
existed in this gene. After the outer PCR reaction using the 5’ specific primer GSP1, GSP2,
GSP3, and G5SP4, we obtained two weak bands amplified by the primer GSP2/ 3’ RACE
outer primer and the GSP4/3' RACE outer primer, respectively. Hence, we processed
the inner PCR reaction using those four outer PCR products as templates and obtained
two strongly specific HNbTRAP« sequences, as detected on agarose gel (Figure 2). The
fragments were recovered and purified, and successfully cloned on the pBluescript II
KS (-) plasmid for sequencing analysis. Finally, six sequences containing specific primer
GSPs were obtained, but only four sequences could be matched to HNbTRAP«. As the
multiple alignment result showed, there are two types of polyadenylated mRNA existing
in HNbTRAPa transcripts, and the two identified polyadenylation sites are C*>! and C!1¢7,
respectively (Figure S2). Further, sequence analysis showed that there was no canonical
polyadenylation signal (AAUAAA) in this sequence, suggesting a non-canonical alternative
polyadenylation existed in this gene.

Ist Strand cDNA
GSP1
Lspr GSPA, Gspa daptor
3/ — — TTTTT Towsse
————
\3 P
<\3 3 RACE Outer Primer
RACE Inner Primey

Outer PCR Reaction Inner PCR Reaction

Figure 2. 3’ RACE analysis of the transcription isoforms of HNVTRAPa«. The nested PCR process of
3’ RACE analysis is shown in the schematic diagram. The 1st strand cDNA with an adaptor at the
3’ terminal was obtained by reverse transcription. The outer PCR reactions were performed using
the 3’ RACE outer primer paired with GSP1, GSP2, GSP3, and GSP4, respectively. Then, the inner
PCR reactions were performed using the outer PCR products as templates, and amplified with GSP2,
GSP3, and GSP4 as specific upstream primers, respectively. The outer and inner PCR products were
separated using 1.5% agarose gel. In the first amplification, only GSP2 and GSP4 obtained two weak
bands at 500~750 bp and 750~1000 bp, respectively. Two strong bands (500~750 bp and 750~1000 bp)
were detected after the inner PCR reaction, and the products indicated in the yellow rectangle were
recovered and cloned, respectively, for sequencing.

3.3. Three Protein Productions of HNbTRAP« Were Detected in N. bombycis

Antiserum against HNbTRAP«x was used to display the translation products of the
gene. As shown in the Western blot results, the antiserum against peptides 569-742 (C
ter-minal, HNbTRAP«-C) can mainly recognize a ~37 kDa protein band and a weakened
~86 kDa in purified mature spores (Figure 3A, lane 2). Meanwhile, in infected Sf9 cells
containing N. bombycis that are predominant in the proliferative phase, HNbTRAP«x-C
antiserum can specifically bind with a ~45 kDa protein (Figure 3A, lane 3, and Figure 3B).
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The protein ~37 kDa, ~45 kDa and ~86 kDa are consistent with the predicted weight of the
isoform that polyadenylated at 951 bp, 1167 bp, and the full length of HNbTRAP .

A B

M Nb Nb-SPO M Nb-SfO
kDa kDa =
90 == % |
75 - <«~—~86 kDa 75
60 60
<«—~45 kDa
e <« ~45 kDa

40 @ ~ «~—-37kDa 40 -

- > -

WB: anti-HNbTRAPa-C

Figure 3. Western blotting assay of HNbTRAP« in N. bombycis mature spores and infected Sf9 cells
that predominantly with the proliferative phase of N. bombycis. (A): The protein isoform detection of
HNDbTRAP« in mature spores and proliferative stage with anti-HNbTRAP«-C serum. The antiserum
against HNbTRAP«-C can bind strongly with a ~37 kDa band and weakly with a ~86 kDa band
in purified mature spores. While, this antiserum specifically recognized a ~45 kDa protein in Sf9
cells with N. bombycis infection. (B): The antiserum against HNbTRAP«-C strongly bound with the
~45 kDa protein and two weak protein bands in infected Sf9 cells under overexposure conditions. The
protein ~37 kDa, ~45 kDa, and ~86 kDa are consistent with the predicted weight of the isoform that
polyadenylated at 951 bp, 1167 bp and the full length of HNbTRAP«. M: Marker; Nb: Nb mature
spores; Nb-Sf9: Nb infected Sf9 cells.

3.4. HNVTRAPw Localized at the Perinuclear Region or in the Nucleus during Different
Development Stages

To test whether HNbTRAP« could transport into the nucleus as a bioinformation
prediction, we detected the location characteristic of HNbTRAP« at different development
phases through an indirect immunofluorescent assay. The polyclonal antisera of the N
terminal (1-232 aa), central region (233-327 aa), and C terminal (569-742 aa) of HNbTRAP«x
were prepared. The antiserum against Nbtubulin-§ of N. bombycis was used to indicate
the cytoplasm of meront [36]. Different development stages of N. bombycis were easily
obtained when they were cultured in Sf9 or BmE cell lines. As the results showed, when the
parasite was in the proliferative phase with a loose and big nucleus, the fluorescence signals
of HNbTRAPx were distributed partially or wholly in the perinuclear region without or
partially co-localized with -tubulin. While in mature spores, the signal of HNbTRAP«x
totally co-localized with the nucleus (Figures 4 and 5).
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DIC DAPI Alexa 488 (Mouse) Alexa 594 (Rabbit) Merged 1 Merged 2

Sum Sum Sum

Sum

Figure 4. Indirect immunofluorescent assay of HNbTRAP« in developing stages within Sf9 cells.
In developing stages, HNbTRAP« locates around or in the nucleus. A1~A6 showed the nuclear
membrane distributed HNbTRAP«, which was detected by mouse antiserum against the N terminal
(1-232 aa) of HNbTRAP«x. B1~B6 showed the simultaneous cytoplasm and nucleus membrane
distribution of HNbTRAP« through the mouse antiserum against the central region (233-327 aa).
C1~C6 were detected by the mouse antiserum against the C terminal (569-742 aa) of HNbTRAP«.
D1~D6 were negative controls, which used negative antiserums as the primary antibody. The
cytoplasm was labeled by the NbTubulin-g antiserum, and the cell nucleus was stained by DAPI.
The white arrows indicate HNbTRAP« distributing in both the cytoplasm and perinuclear region of
N. bombycis, as for the merged green and red fluorescent presented yellow. The white arrowheads
indicate the perinuclear region distributed HNbTRAP«.
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Merged 1 Merged 2

DAPI Alexa 488 (Mouse) Alexa 594 (Rabbit)

Figure 5. Indirect immunofluorescent assay of HNbTRAP«x in mature spores. Pictures A~F were

BmeE cells infected by N. bombycis and many mature spores were released. HNbTRAPx-C mouse
antiserum and HNbTRAP«x-N rabbit antiserum were used as the primary antibody, respectively, and
coupled with goat anti-mouse Alexa 488 or goat anti-rabbit, respectively. HNbTRAPx-C antiserum,
as well as HNbTRAP«-N antiserum, recognized the nucleus region of the mature spores and their
signals merged completely (white arrowhead).

4. Discussion

Facing the complex environment in the cell, microsporidia suffer great selection pres-
sure, which drives the evolution of microsporidia. The microsporidian genome extremely
reduced the strategy of losing or shortening genes and the discarding of non-coding mate-
rial, like introns and intergenic regions [37]. There was even no evidence of spliceosomal
machinery in some microsporidia, such as Nematocida spp. infecting a nematode [12,38],
and Edhazardia aedis infecting a mosquito. While the genome of some species like Nosema
bombycis expanded due to the proliferation of host-derived transposable elements, tan-
dem and segmental duplication, as well as horizontally transferred genes [8]. Proteins
predicted in these microsporidia are much more than in the small-genome species. Alterna-
tive polyadenylation (APA) is widespread in eukaryotes and is a majority mechanism for
modulating gene expression, including protein diversification [39]. First, we identified that
APA exist in the microsporidium N. bombycis. The mechanism may contribute to increasing
protein abundance in response to the environment.

The translocon-associated protein complex TRAP anchor to the ER membrane and
mediate the nascent peptide to cross the ER membrane for post-translational processing.
The nuclear membrane localization characteristic of HNbTRAP« is a newly interesting
finding. Bioinformatic analysis suggests that several well-known microsporidian TRAP o
have one or more nuclear localization signals, but there have been no associated reports
even for the widely studied species of humans and dogs. In our research, we found
that there was non-canonical coding-region alternative polyadenylation in HNbTRAP«
post-transcriptional processing, and then we observed HNbTRAP« distributed in the
perinuclear region or in cytoplasm during the merogony phases and gathered in the nucleus
when spores matured. During the development stages, HNbTRAPox was distributed
around the nucleus or nuclear membrane of N. bombycis meronts, suggesting a potential
function associated with protein synthesis or processing. When the spores tend to be
mature, HNbTRAPx might transport into the nucleus and participate in spore dormancy.
However, we cannot determine the localization characteristics and functions of each isoform
at present.

Previous studies found that the translocon-associated protein complex TRAP appears
to be conserved in animals but is not uniform throughout the eukaryotic kingdom. Plants
and algae have a simplified subunit composition that lacks TRAPy and TRAPS, while
in most fungi TRAP is completely absent [27]. HNVTRAPwx, which we studied in Nosema
bombycis, was predicted to produce a protein with a molecular weight close to that of the
TRAP complex (90 kDa) in mammals. It is interesting that HNbTRAP« and its homologous
proteins were retained in the evolution of microsporidia, while most genes necessary for
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primary metabolism were lost. Even though it can be speculated that TRAP«x as a conserved
protein is important for N. bombycis, the retaining of TRAP« and its close association to
nucleus in space also seems puzzling as this gene is not necessary for many species.

As is already known, TRAP«x is an ER membrane protein with its N terminus in
the lumen of ER and its C terminus in the cytoplasm, because of the existence of the
transmembrane helix [32]. Both HNbTRAP«x and its homologous proteins in microsporidia
were predicted to have no signal peptides and transmembrane domains. Despite the
specificity of the microsporidium genome, and the adaptive evolution may also result in
the loss of signal peptides and transmembrane domains; it is hard to say if the protein is
TRAPw. In addition, conserved domain prediction showed a HUN (HPC2 and ubinuclein)
domain (E-value: 2.66 x 10~7) in HNbTRAP, that may belong to a histone tail-binding
chaperone. Different histone chaperones have different functions, including histone storage,
histone transport to the nucleus, and deposition of nucleosomes in conjunction with
specific chromatin remodeling complexes [40—42]. The functions of HNbTRAPx need to be
uncovered in the future.

In this study, we have demonstrated the non-canonical APA mechanism existence
in the HTRAP« of microsporidium N. bombycis, which might lead to various localization
characteristic. It has important significance to enrich our knowledge of the gene regulation
of N. bombycis and may be applied to other fungus-like eukaryotes. It also may help us to
explore the molecular evolution events involving N. bombycis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof9040407 /s1, Figure S1: Multiple sequence alignment (partial)
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analysis of sequenced 3'-RACE products of HNbTRAP«.

Author Contributions: Conceptualization, G.P.,, Z.Z. and ]J.C.; methodology, YW., Y.Y. (Ying Yu),
Q.S. and Y.Y. (Yixiang Yu); software, T.L. and Y.Y. (Yixiang Yu); writing—original draft preparation,
Y.W. and Y.Y. (Ying Yu); writing—review and editing, ].C.; G.P. and Q.S.; supervision, G.P. and Z.Z,;
funding acquisition, G.P,, ].C. and X.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
32272942), the Natural Science Foundation of Chongqing, China (cstc2021jcyj-cxttX0005, cstc2021jcyj-
msxmX1003), and the Fundamental Research Funds for the Central Universities (SWU-KT22033).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors appreciate the persons who provided the software utilized in
this study.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Cavalier-Smith, T. A 6-Klngdom Classification And A Unified Phylogeny. In Intracellular Space as Oligogenetic Ecosystem,
Proceedings; Hainfried, E.A.S., Werner, S., Eds.; De Gruyter: Berlin, Germany; Boston, MA, USA, 1983; pp. 1027-1034.

2. Han, B;; Weiss, L.M. Microsporidia: Obligate Intracellular Pathogens Within the Fungal Kingdom. Microbiol. Spectr. 2017, 5,
FUNK-0018-2016. [CrossRef]

3. Katinka, M.D.; Duprat, S.; Cornillot, E.; Metenier, G.; Thomarat, F,; Prensier, G.; Barbe, V.; Peyretaillade, E.; Brottier, P.; Wincker, P;
et al. Genome sequence and gene compaction of the eukaryote parasite Encephalitozoon cuniculi. Nature 2001, 414, 450-453.

[CrossRef] [PubMed]

4. James, T.Y; Pelin, A.; Bonen, L.; Ahrendt, S.; Sain, D.; Corradi, N.; Stajich, J.E. Shared signatures of parasitism and phylogenomics
unite Cryptomycota and microsporidia. Curr. Biol. 2013, 23, 1548-1553. [CrossRef]

5. James, T.Y,; Stajich, ].E.; Hittinger, C.T.; Rokas, A. Toward a Fully Resolved Fungal Tree of Life. Annu. Rev. Microbiol. 2020, 74,
291-313. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jof9040407/s1
https://www.mdpi.com/article/10.3390/jof9040407/s1
http://doi.org/10.1128/microbiolspec.FUNK-0018-2016
http://doi.org/10.1038/35106579
http://www.ncbi.nlm.nih.gov/pubmed/11719806
http://doi.org/10.1016/j.cub.2013.06.057
http://doi.org/10.1146/annurev-micro-022020-051835
http://www.ncbi.nlm.nih.gov/pubmed/32660385

J. Fungi 2023, 9, 407 11 of 12

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Corradi, N. Microsporidia: Eukaryotic Intracellular Parasites Shaped by Gene Loss and Horizontal Gene Transfers. Annu. Rev.
Microbiol. 2015, 69, 167-183. [CrossRef]

Barandun, J.; Hunziker, M.; Vossbrinck, C.R.; Klinge, S. Evolutionary compaction and adaptation visualized by the structure of
the dormant microsporidian ribosome. Nat. Microbiol. 2019, 4, 1798-1804. [CrossRef]

Pan, G; Xu, J.; Li, T; Xia, Q; Liu, S.L.; Zhang, G.; Li, S.; Li, C; Liu, H.; Yang, L.; et al. Comparative genomics of parasitic silkworm
microsporidia reveal an association between genome expansion and host adaptation. BMC Genom. 2013, 14, 186. [CrossRef]
[PubMed]

Corradi, N.; Pombert, J.F; Farinelli, L.; Didier, E.S.; Keeling, P.J. The complete sequence of the smallest known nuclear genome
from the microsporidian Encephalitozoon intestinalis. Nat. Commun. 2010, 1, 77. [CrossRef]

Jespersen, N.; Monrroy, L.; Barandun, J. Impact of Genome Reduction in Microsporidia. Exp Suppl. 2022, 114, 1-42. [CrossRef]
Akiyoshi, D.E.; Morrison, H.G; Lei, S.; Feng, X.; Zhang, Q.; Corradi, N.; Mayanja, H.; Tumwine, ] K.; Keeling, PJ.; Weiss, L.M.;
et al. Genomic survey of the non-cultivatable opportunistic human pathogen, Enterocytozoon bieneusi. PLoS Pathog. 2009, 5,
€1000261. [CrossRef]

Desjardins, C.A.; Sanscrainte, N.D.; Goldberg, ].M.; Heiman, D.; Young, S.; Zeng, Q.; Madhani, H.D.; Becnel, ].J.; Cuomo, C.A.
Contrasting host-pathogen interactions and genome evolution in two generalist and specialist microsporidian pathogens of
mosquitoes. Nat. Commun. 2015, 6, 7121. [CrossRef]

Keeling, PJ.; Corradi, N.; Morrison, H.G.; Haag, K.L.; Ebert, D.; Weiss, L.M.; Akiyoshi, D.E.; Tzipori, S. The reduced genome of
the parasitic microsporidian Enterocytozoon bieneusi lacks genes for core carbon metabolism. Genome Biol. Evol. 2010, 2, 304-309.
[CrossRef]

Campbell, S.E.; Williams, T.A.; Yousuf, A.; Soanes, D.M.; Paszkiewicz, K.H.; Williams, B.A. The genome of Spraguea lophii and
the basis of host-microsporidian interactions. PLoS Genet. 2013, 9, e1003676. [CrossRef]

Lee, R.C.; Gill, E.E,; Roy, S.W,; Fast, N.M. Constrained intron structures in a microsporidian. Mol. Biol. Evol. 2010, 27, 1979-1982.
[CrossRef] [PubMed]

Senderskiy, I.V.; Timofeev, S.A.; Seliverstova, E.V.; Pavlova, O.A.; Dolgikh, V.V. Secretion of Antonospora (Paranosema) locustae
proteins into infected cells suggests an active role of microsporidia in the control of host programs and metabolic processes. PLoS
ONE 2014, 9, €93585. [CrossRef]

Kurze, C.; Dosselli, R.; Grassl, ].; Le Conte, Y.; Kryger, P.; Baer, B.; Moritz, R.F. Differential proteomics reveals novel insights into
Nosema-honey bee interactions. Insect. Biochem. Mol. Biol. 2016, 79, 42—49. [CrossRef]

Luo, J.; He, Q.; Xu, J.Z.; Xu, C.; Han, Y.Z.; Gao, H.L.; Meng, X.Z.; Pan, G.Q.; Li, T.; Zhou, Z.Y. Microsporidia infection upregulates
host energy metabolism but maintains ATP homeostasis. J. Invertebr. Pathol. 2021, 186, 107596. [CrossRef] [PubMed]

Dean, P.; Hirt, R.P.; Embley, T.M. Microsporidia: Why Make Nucleotides if You can steal them. PLoS Pathog. 2016, 12, e1005870.
[CrossRef]

Nakjang, S.; Williams, T.A.; Heinz, E.; Watson, A.K.; Foster, P.G.; Sendra, K.M.; Heaps, S.E.; Hirt, R.P,; Martin Embley, T. Reduction
and expansion in microsporidian genome evolution: New insights from comparative genomics. Genome Biol. Evol. 2013, 5,
2285-2303. [CrossRef] [PubMed]

Weiss, L.M.; Becnel, J.J. Microsporidia: Pathogens of Opportunity; Wiley Blackwell: Oxford, UK, 2014.

Elkon, R.; Ugalde, A.P.; Agami, R. Alternative cleavage and polyadenylation: Extent, regulation and function. Nat. Rev. Genet.
2013, 14, 496-506. [CrossRef]

Neve, J.; Patel, R.; Wang, Z.; Louey, A.; Furger, A.M. Cleavage and polyadenylation: Ending the message expands gene regulation.
RNA Biol. 2017, 14, 865-890. [CrossRef]

Tellez-Robledo, B.; Manzano, C.; Saez, A.; Navarro-Neila, S.; Silva-Navas, J.; de Lorenzo, L.; Gonzalez-Garcia, M.P.; Toribio, R.;
Hunt, A.G.; Baigorri, R.; et al. The polyadenylation factor FIP1 is important for plant development and root responses to abiotic
stresses. Plant J. 2019, 99, 1203-1219. [CrossRef]

Ogorodnikov, A.; Levin, M.; Tattikota, S.; Tokalov, S.; Hoque, M.; Scherzinger, D.; Marini, F.; Poetsch, A.; Binder, H.; Macher-
Goppinger, S.; et al. Transcriptome 3’end organization by PCF11 links alternative polyadenylation to formation and neuronal
differentiation of neuroblastoma. Nat. Commun. 2018, 9, 5331. [CrossRef] [PubMed]

Shell, S.A.; Hesse, C.; Morris, S.M., Jr.; Milcarek, C. Elevated levels of the 64-kDa cleavage stimulatory factor (CstF-64) in
lipopolysaccharide-stimulated macrophages influence gene expression and induce alternative poly(A) site selection. ]. Biol. Chem.
2005, 280, 39950-39961. [CrossRef]

Pfeffer, S.; Dudek, J.; Schaffer, M.; Ng, B.G.; Albert, S.; Plitzko, ].M.; Baumeister, W.; Zimmermann, R.; Freeze, H.H.; Engel,
B.D.; et al. Dissecting the molecular organization of the translocon-associated protein complex. Nat. Commun. 2017, 8, 14516.
[CrossRef] [PubMed]

Wiedmann, M.; Kurzchalia, T.V,; Hartmann, E.; Rapoport, T.A. A signal sequence receptor in the endoplasmic reticulum
membrane. Nature 1987, 328, 830-833. [CrossRef]

Gorlich, D.; Prehn, S.; Hartmann, E.; Herz, J.; Otto, A.; Kraft, R.; Wiedmann, M.; Knespel, S.; Dobberstein, B.; Rapoport, T.A. The
signal sequence receptor has a second subunit and is part of a translocation complex in the endoplasmic. J. Cell Biol. 1990, 111,
2283-2294. [CrossRef] [PubMed]

Hartmann, E.; Gorlich, D.; Kostka, S.; Otto, A.; Kraft, R.; Knespel, S.; Biirger, E.; Rapoport, T.A.; Prehn, S. A tetrameric complex of
membrane proteins in the endoplasmic reticulum. Eur. J. Biochem. 1993, 214, 375-381. [CrossRef]


http://doi.org/10.1146/annurev-micro-091014-104136
http://doi.org/10.1038/s41564-019-0514-6
http://doi.org/10.1186/1471-2164-14-186
http://www.ncbi.nlm.nih.gov/pubmed/23496955
http://doi.org/10.1038/ncomms1082
http://doi.org/10.1007/978-3-030-93306-7_1
http://doi.org/10.1371/journal.ppat.1000261
http://doi.org/10.1038/ncomms8121
http://doi.org/10.1093/gbe/evq022
http://doi.org/10.1371/journal.pgen.1003676
http://doi.org/10.1093/molbev/msq087
http://www.ncbi.nlm.nih.gov/pubmed/20360213
http://doi.org/10.1371/journal.pone.0093585
http://doi.org/10.1016/j.ibmb.2016.10.005
http://doi.org/10.1016/j.jip.2021.107596
http://www.ncbi.nlm.nih.gov/pubmed/33910037
http://doi.org/10.1371/journal.ppat.1005870
http://doi.org/10.1093/gbe/evt184
http://www.ncbi.nlm.nih.gov/pubmed/24259309
http://doi.org/10.1038/nrg3482
http://doi.org/10.1080/15476286.2017.1306171
http://doi.org/10.1111/tpj.14416
http://doi.org/10.1038/s41467-018-07580-5
http://www.ncbi.nlm.nih.gov/pubmed/30552333
http://doi.org/10.1074/jbc.M508848200
http://doi.org/10.1038/ncomms14516
http://www.ncbi.nlm.nih.gov/pubmed/28218252
http://doi.org/10.1038/328830a0
http://doi.org/10.1083/jcb.111.6.2283
http://www.ncbi.nlm.nih.gov/pubmed/2177473
http://doi.org/10.1111/j.1432-1033.1993.tb17933.x

J. Fungi 2023, 9, 407 12 0of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Fons, R.D.; Bogert, B.A.; Hegde, R.S. Substrate-specific function of the translocon-associated protein complex during translocation
across the ER membrane. J. Cell Biol. 2003, 160, 529-539. [CrossRef]

Prehn, S.; Herz, J.; Hartmann, E.; Frank, R.; Roemisch, K.; Dobberstein, B.; Rapoport, T.A. Structure and biosynthesis of the
signal-sequence receptor. Eur. J. Biochem 1990, 188, 439-445. [CrossRef]

Hartmann, E.; Prehn, S. The N-terminal region of the x-subunit of the TRAP complex has a conserved cluster of negative charges.
FEBS Lett. 1994, 349, 324-326. [CrossRef] [PubMed]

Hirama, T.; Miller, C.W.; Koeffler, H.P. Translocon-associated protein « transcripts are induced by granulocyte-macrophage
colony-stimulating factor and exhibit complex alternative polyadenylation. FEBS Lett. 1999, 455, 223-227. [CrossRef]

Singh, V.K.; Mangalam, A K.; Dwivedi, S.; Naik, S. Primer premier: Program for design of degenerate primers from a protein
sequence. Biotechniques 1998, 24, 318-319. [CrossRef]

Chen, J.; Guo, W.; Dang, X.; Huang, Y.; Liu, E; Meng, X.; An, Y,; Long, M.; Bao, J.; Zhou, Z.; et al. Easy labeling of proliferative
phase and sporogonic phase of microsporidia Nosema bombycis in host cells. PLoS ONE 2017, 12, €0179618. [CrossRef]

Williams, B.A.P.; Williams, T.A.; Trew, ]. Comparative Genomics of Microsporidia. Exp. Suppl. 2022, 114, 43-69. [CrossRef]
Cuomo, C.A.; Desjardins, C.A.; Bakowski, M.A.; Goldberg, J.; Ma, A.T,; Becnel, ].J.; Didier, E.S.; Fan, L.; Heiman, D.I; Levin, ].Z.;
et al. Microsporidian genome analysis reveals evolutionary strategies for obligate intracellular growth. Genome Res. 2012, 22,
2478-2488. [CrossRef]

Tian, B.; Manley, J.L. Alternative polyadenylation of mRNA precursors. Nat. Rev. Mol. Cell Biol. 2017, 18, 18-30. [CrossRef]
[PubMed]

Burgess, R.J.; Zhang, Z. Histone chaperones in nucleosome assembly and human disease. Nat. Struct. Mol. Biol. 2013, 20, 14-22.
[CrossRef]

Loyola, A.; Almouzni, G. Histone chaperones, a supporting role in the limelight. Biochim. Biophys. Acta 2004, 1677, 3-11.
[CrossRef] [PubMed]

Eitoku, M.; Sato, L.; Senda, T.; Horikoshi, M. Histone chaperones: 30 years from isolation to elucidation of the mechanisms of
nucleosome assembly and disassembly. Cell. Mol. Life Sci. 2008, 65, 414—444. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1083/jcb.200210095
http://doi.org/10.1111/j.1432-1033.1990.tb15421.x
http://doi.org/10.1016/0014-5793(94)00693-8
http://www.ncbi.nlm.nih.gov/pubmed/8050590
http://doi.org/10.1016/S0014-5793(99)00885-6
http://doi.org/10.2144/98242pf02
http://doi.org/10.1371/journal.pone.0179618
http://doi.org/10.1007/978-3-030-93306-7_2
http://doi.org/10.1101/gr.142802.112
http://doi.org/10.1038/nrm.2016.116
http://www.ncbi.nlm.nih.gov/pubmed/27677860
http://doi.org/10.1038/nsmb.2461
http://doi.org/10.1016/j.bbaexp.2003.09.012
http://www.ncbi.nlm.nih.gov/pubmed/15020040
http://doi.org/10.1007/s00018-007-7305-6
http://www.ncbi.nlm.nih.gov/pubmed/17955179

	Introduction 
	Materials and Methods 
	Spores Purification 
	Genomic DNA and Total RNA Extraction 
	3' RACE Analysis 
	Pathogen Inoculation 
	The Specific HNbTRAP-Antisera Preparation 
	Immunoblottings 
	Immunofluorescence Analysis 

	Results 
	Sequence Analysis of HNbTRAP 
	Two Transcriptional Isoform of HNbTRAP 
	Three Protein Productions of HNbTRAP Were Detected in N. bombycis 
	HNbTRAP Localized at the Perinuclear Region or in the Nucleus during Different Development Stages 

	Discussion 
	References

