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ABSTRACT

During zebrafish development, an early type of rRNA is gradually replaced by a late type that is substantially different in
sequence. We applied RiboMeth-seq to rRNA from developmental stages for profiling of 2′′′′′-O-Me, to learn if changes in
methylation pattern were a component of the shift. We compiled a catalog of 2′′′′′-O-Me sites and cognate box C/D guide
RNAs comprising 98 high-confidence sites, including 10 sites that were not known from other vertebrates, one of which
was specific to late-type rRNA. We identified a subset of sites that changed in methylation status during development
and found that some of these could be explained by availability of their cognate SNORDs. Sites that changed during de-
velopment were enriched in the novel sites revealed in zebrafish. We propose that the early type of rRNA is a specialized
form and that its structure and ribose methylation pattern may be an adaptation to features of development, including
translation of specific maternal mRNAs.
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INTRODUCTION

Zebrafish (Danio rerio) is a well-established animal model
for studying aspects of biology, in particular developmen-
tal biology. This is due to optical transparency of zebrafish
embryos that facilitate easy and reliable identification of
developmental stages, short generation time (∼3–4 mo),
and year-round spawning (Dooley and Zon 2000; Segner
2009). Many transcriptomics and epitranscriptomics stud-
ies favor zebrafish as a model since genomic tools and
whole-genome data are readily accessible. Zebrafish be-
longs to Teleostei infraclass, which evolved ∼340 million
years ago from a common ancestor (Amores et al. 2011).
In Teleostei, the genome has undergone two rounds of
whole-genome duplication (Meyer and Schartl 1999;
Wolfe 2000). Many human and zebrafish genes are orthol-
ogous to each other with ∼65% of zebrafish genes con-
taining at least one human orthologue and ∼70% of
human genes containing at least one zebrafish orthologue.
Therefore, studies using zebrafish genetics arewidely used

to understand development, human diseases, and metab-
olism (Vilella et al. 2009; Howe et al. 2013).
Synthesis of cellular proteins is conducted by ribosomes

that are ribonucleoprotein particles (RNPs). In higher eu-
karyotes, they are composed of ∼80 ribosomal proteins
and four species of ribosomal RNA (rRNA). rRNA is the
most abundant RNA in terms of mass and has a high nucle-
otidemodification rate (∼2%) compared tomRNA. rRNA in
eukaryotes is arranged into two subunits: a small subunit
(SSU), which functions as the decoding center and facili-
tates the translocation of the tRNA/mRNA pair through
the ribosome and a large subunit (LSU), which contains
the peptidyltransferase center responsible for catalyzing
peptide bond formation. During ribosome biogenesis,
two pre-rRNAs are transcribed—one common to 18S
(SSU), 5.8S, and 28S (LSU) rRNA, and one exclusively for
5S rRNA. Ribosome assembly is facilitated by ∼200 assem-
bly factors. In addition, it involves a large number of small
nucleolar RNPs in which small nucleolar RNAs (snoRNAs)
are responsible for guiding enzymes to introduce
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nucleotide modifications, with pseudouridine (Ψ) and 2′-
O-methyl (2′-O-Me) as the most abundant (Watkins and
Bohnsack 2012). Ribose methylation is introduced by the
generic methyltransferase, Fibrillarin, guided to the target
RNA by boxC/D snoRNAs (SNORDs) through base-pairing
with the target. The methyl is introduced at the nucleotide
base paired to the fifth nucleotide upstream of box D
(“+5”) (Cavaille et al. 1996; Kiss-Laszlo et al. 1996). 2′-O-
Me is believed to be important for ribosome biogenesis
and translational fidelity. It provides a potential layer of
regulation and thus supports the notion of specialized ri-
bosomes (Gilbert 2011; Xue and Barna 2012; Shi and
Barna 2015; Guo 2018; Ferretti and Karbstein 2019). The
study of ribosome heterogeneity due to ribose methyla-
tion has become feasible by advancements in sequenc-
ing-based profiling methods (Krogh and Nielsen 2019)
and was recently demonstrated in cancer cell lines
(Krogh et al. 2016) and during mouse development
(Hebras et al. 2020).

A recent study by Locati et al. (2017) revealed that zebra-
fish express two different sets of rRNA from clusters at two
distinct genomic loci (Fig. 1A, left). The two types of rRNA
were referred to as maternal- and somatic-type rRNAs, re-
spectively, and they were transcribed, processed and
modified (Fig. 1A, middle) at different levels throughout
development (Fig. 1A, right). In the absence of direct evi-
dence that the somatic type arises exclusively from somatic
cell lineages (germ cell lineage has not been investigated)
and the lack of confirmation that the maternal type is ma-
ternal-specific (the absence of de novo zygotic transcrip-
tion has not been demonstrated), we have chosen to
name these subtypes of rRNA in the context of develop-
mental advancement: early- and late-rRNA, respectively.
The primary sequences of the two subtypes are consider-
ably different. Early-SSU rRNA is 1939 nt whereas the late
form is 1889 nt, and the calculated similarity using BioEdit
based on ClustalW alignment is 91.3%. Early-LSU rRNA is
4270 nt and late-LSU rRNA is 4106 nt, and they are 87.0%
similar. These differences imply that the variable segments
in rRNA display structural differences between the two
subtypes. The separate chromosomal locations of the
gene clusters, the structural differences, and their distinct
expression patterns during development suggest that
the two subtypes of rRNA have unique properties.

Here, we address the extent to which the differences be-
tween the two types of rRNA extend to their modification
patterns, specifically with respect to 2′-O-Me sites. We
used RiboMeth-seq (Birkedal et al. 2015), a sequencing-
based method for mapping and estimation of modification
stoichiometry, applied to zebrafish whole-cell RNA purified
across selected developmental stages from unfertilized
eggstoanadult sample.Themethodalsoprovided low-cov-
erage information on the expression of SNORDs that we
supplemented by dedicated small RNA-seq of selected
developmental stages. We identified 98 high-confidence

2′-O-Me sites, one of which was specific to late-rRNA.
Several sites showedhypomethylation in early developmen-
tal stages in contrast to the adult stage, wheremost sites ap-
peared close to fully methylated. Strikingly, sites that were
specific to zebrafish compared to human were overrepre-
sented among these hypomethylated sites. Structural and
phylogenetic considerations suggest that early-rRNA is
more divergent than late-rRNA, and it thus appears that
rRNA sequence and structure, aswell as ribosemethylations
are components that contribute to ribosome heterogeneity
that may underlie specialization of ribosomes in eggs and
early stages compared to adult zebrafish.

RESULTS

Zebrafish rRNA has 98 high-confidence 2′′′′′-O-Me
sites, 10 of which are novel compared to human,
including a late-rRNA specific site

Tomap the 2′-O-Me landscape in zebrafish early- and late-
rRNA, RiboMeth-seq was applied to four developmental
stages: unfertilized eggs, the 32-cell, 12-somite, and pro-
truding-mouth, as well as tail from 1-yr old (adult) fish
(Fig. 1B). Initially, the reads obtained from RiboMeth-seq
were used for scoring the percentage of early- and late-
rRNA in individual samples by mapping reads to the se-
quences of both types of rRNA in parallel and using a set
of validated single-nucleotide differences to calculate the
relative expression of the two. To minimize bias in the esti-
mation, we chose four isolated (>30 nt distance to other
variants) positions (T24, A55, C1633, and C1728) in SSU
and seven positions (C1218, G1351, T1523, C2096,
A2201, C3196, andC3780) in LSU (early-rRNAnumbering).
The single-nucleotide polymorphism (SNP) analyses of the
two parallel mappings yielded complementary results at
each selected position, that is, the sum of the matched
and the sum of the expected mismatched reads were es-
sentially similar. The analysis revealed similar results for
SSU and LSU, with almost exclusive expression of early-
rRNA in unfertilized egg and 32-cell stage, ∼20% of late-
rRNA in the 12-somite stage, ∼75% in the protruding-
mouth stage, and almost exclusive expression of late-
rRNA in adult tail (Fig. 1C). These results are consistent
with previous observations (Locati et al. 2017).

Next, we selected the reference sequences of either ear-
ly- or late-rRNA based on themain subtype in each sample
(Fig. 1C). RiboMeth-seq scores (RMS-scores) were calculat-
ed based on early-rRNA in unfertilized egg, 32-cell, and
12-somite stages, and on late-rRNA in the protruding-
mouth stage and adult tail. Importantly, the majority (87/
98) of 2′-O-Me sites was in regions of the rRNA conserved
between early- and late-rRNA in the scoring interval of six
nucleotides on either side of the queried position and
mapping the reads to either of the sequences turned out
not to change the calculated RMS-scores significantly.
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We defined high-confidence 2′-O-Me sites as sites with
RMS-score >0.75, additionally confirmed with presence of
primer extension stop signal at limiting dNTP concentra-
tion and/or presence of a plausibly assigned SNORD. In to-
tal, 104 2′-O-Me sites had RMS-score >0.75. A subset of 24
sites including those with relatively low or variable scores
(within or between stages) was then subjected to the prim-
er extension method (Supplemental Fig. S1). 20 sites were

confirmed (Table 1) and four sites were excluded due to
lack of primer extension signal (Supplemental Table S1).
Another two of these sites were excluded because we
were unable to assign a plausible SNORD (Supplemental
Table S1). The resulting number of high-confidence sites
total 98 with 35 located in SSU, 60 in LSU, and three in
5.8S (Fig. 1D; Supplemental Table S2). Strikingly, all sites
were found in both early- and late-rRNA, except LSU-

A

B

C

D

FIGURE 1. Expression and modification by ribose methylation of early- and late-rRNA types of rRNA in zebrafish. (A) Schematic illustration of
genomic localization, 2′-O-Memodification, and the prevalence of expressed early- and late-rRNA. The rRNAbiogenesis symbolized by the arrow
involves multiple steps and several types of modifications, but only ribose methylation, relevant for the present study, is illustrated. Here, an ex-
ample of a canonical interaction between a box C/D guide RNA (SNORD) and its rRNA target is shown with indication of the methyl group in-
troduced in red. (B) Bright field microscope images of the developmental stages analyzed in the present study: (Unf. Egg) unfertilized egg,
the 32-cell stage, the 12-somite stage, and (PM) protruding-mouth stage. (C ) Estimated relative expression (±SEM) of early- and late-SSU
rRNA (left) and LSU rRNA (right) based on SNP analysis of reads from RiboMeth-seq. The result is based on the analysis of four diagnostic nucle-
otides in SSU and seven diagnostic nucleotides in LSU, respectively. n=3. (D) Venn-diagrams depicting the conservation of ribose-methylated
sites in SSU, LSU, and 5.8S between human rRNA and zebrafish early- and late-rRNA subtypes, respectively.

2’-O-Me in rRNA during zebrafish development
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C3916, which was late-rRNA specific. This implies that the
mechanism for instalment of ribose methylation functions
equally well when rRNA is expressed in the context of am-
plified, extrachromosomal rDNA (early-rRNA) and from
chromosomally integrated rDNA copies (Locati et al.
2017). Our analysis does not rule out the existence of ad-
ditional sites in specialized tissues or sites with lowmethyl-
ation stoichiometry.

To alloweasy comparisonwith human rRNA,weannotat-
ed zebrafish 2′-O-Me sites according to their correspond-
ing human nucleotide counterparts using the reference
sequence from the snoRNA-LBME-db (Lestrade and
Weber 2006; for zebrafish nucleotide numbering, see
Supplemental Tables S1–S3). In comparison with human,
10/98 sites were only found in zebrafish (five in SSU, one
in 5.8S, and four in LSU [Fig. 1D; Supplemental Table S3).
Conversely, 21 sites in human rRNA were not detected in
zebrafish (Fig. 1D). The absence of methylation at these
sites in zebrafish is consistent with sequence divergence
at target sites (12/21) and absence of cognate SNORDs
(17/21) as evidenced by our small RNA-seq and consistent
with the small nucleolar RNA orthogonal database
(snoopy; Yoshihama et al. 2013). For the remaining four
sites (SSU-A159, SSU-C174, LSU-A2388, and LSU-
C2811), the corresponding SNORDs were likely conserved
due to a functional second antisense element.

The methylation stoichiometry at a subset of sites
change during development

The RiboMeth-seq method has proven to yield estimates
of methylation stoichiometry that are consistent with
mass spectrometry and RP-HPLC (Krogh and Nielsen
2019). Applications of RiboMeth-seq previously revealed
that cultured cells have a high proportion of sites (∼1/3)
that are fractionally methylated (Krogh et al. 2016; Erales
et al. 2017) in contrast to cells in differentiated tissues
that are fully or close to fully methylated at almost all
rRNA sites. Interestingly, a recent analysis in mice showed
that several sites (∼25/108) were increasingly methylated
during development (Hebras et al. 2020). Figure 2A shows
the methylation profile across zebrafish developmental
stages. In adult tail samples, the vast majority (76/98) of
methylated sites were fully or close to fully methylated as
defined by an RMS-score >0.90 with 16 sites scoring in
the 0.80–0.90 range and only six sites with a score <0.80
(Fig. 2A; Supplemental Data 1). Samples from embryonic
developmental stages showed significantly lower degrees
of methylation at 12 sites (Fig. 2A,B). By comparing these
to RiboMeth-seq of mouse tissues (Hebras et al. 2020), 4/
12 sites (SSU-Um354, SSU-Gm436, 5.8S-Um14, and LSU-
Gm3923) behaved similarly between the two species by
showing an increasing level of methylation during devel-
opment. Interestingly, zebrafish novel sites were overrep-
resented among the remainder of the varying sites (5/8
sites). Hence, half of the zebrafish novel sites displayed
varying methylation levels during development. It should
be noted that RiboMeth-seq profiling has high back-
ground levels and thus may underestimate effects in the
low-scoring range.

Unsupervised hierarchal clustering analysis of the RMS-
scores across all samples showed the 12-somite and the
32-cell stages to group closest to unfertilized egg, whereas
the protruding-mouth stage grouped together with the
adult tail sample (Supplemental Fig. S2). The clustering
was mainly driven by two sets of sites changing the most:
SSU-U354, -C1272, LSU-C3916, and -A4560 for the first
group, and SSU-C346, -G436, LSU-G2817, -G3923,
-U4272, 5.8S-U8, and -U14, for the second group (Supple-
mental Fig. S2). Thus, it appeared that themethylation pat-
tern at a subset of sites followed the developmental
timeline and the transition from high levels of early-rRNA
during the initial onset of development to high levels of
late-rRNA later in development and in adult fish.

Structural comparison suggests that rRNA
predominantly expressed early in development
is derived

The core structure of rRNA is highly conserved. However,
rRNA fromdifferent species shows considerable differences
in more peripheral structural elements, in particular the

TABLE 1. Summary of methylated sites supported by primer
extension analysis

rRNA Human Early Late Cons. Px #a

18S U286 U333 U296 Z Px 1.1/1.2

18S U287 U334 U297 Z Px 1.1/1.2

18S C346 C392 C356 Z Px 1.2
18S U354 U400 U364 X Px 1.2

18S A1031 A1095 A1052 X Px 4.1

18S C1272 C1339 C1294 X Px 19.1
18S U1288 U1355 U1310 X Px 19.1

18S A1637 A1702 A1656 Z Px 6.1

28S C2791 C2239 C2223 X Px 9.1
28S A2802 A2250 A2234 X Px 9.1

28S G2817 G2265 G2249 Z Px 9.1

28S C3866 C3147 C3035 X Px 10.1
28S G3878 G3159 G3047 X Px 10.1

28S U3904 U3185 U3073 X Px 10.1

28S C3916 C3197 C3085 Z Px 10.1
28S G3923 G3204 G3092 X Px 10.1

28S C4032 C3273 C3167 X Px 11.1

28S G4198 G3496 G3346 X Px 12.1
28S U4272 U3570 U3420 Z Px 12.1

28S U4276 U3574 U3424 X Px 12.1

(Cons.) Conservation. (X) Methylated sites conserved between zebrafish
and human rRNA. (Z) Novel methylation identified in zebrafish.
aPrimer extension oligos are listed in Supplemental Table S5.
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expansion segments (Gerbi 1996; Ramesh and Woolford
2016). At the sequence level, early-rRNA was found to be
86.5% (SSU) and 69.9% (LSU) similar to human, whereas

late-rRNA was slightly more similar, with 90.0% (SSU) and
70.6% (LSU). For a detailed comparison of human and
zebrafish rRNA, see (Locati et al. 2017). Because one of

A

B

FIGURE 2. Ribosome-wide profiling of 2′-O-Me in zebrafish developmental stages and adult fish. (A) Graph depicting fraction methylated at all
methylated sites in five developmental stages. Sites (x-axis) are numbered according to human rRNA to allow comparisons and novel sites found
in this study are highlighted in bold. The corresponding nucleotide positions for zebrafish early- and late-rRNA can be found in Supplemental
Table S2. Data from different stages are indicated by color and asterisks indicate the levels of statistical significance when comparing the sample
in question to all other samples. Error bars indicate the standard deviation, n=3. (B) Examples of differentially methylated sites between the five
stages analyzed. Zebrafish novel methylations are highlighted in bold. Asterisks and error bars were used in the same way as in A, although col-
oring was omitted.
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the functions that have been ascribed to SNORDs is to assist
in rRNA folding, we set out to specifically compare the sec-
ondary structures of zebrafish and human rRNA and relate
this to 2′-O-Me sites. Structures were drawn based
on human rRNA from the RiboVision database (Bernier
et al. 2014) aided by sequence alignments (Fig. 3; Supple-
mental Data 2, 3). Compared to human rRNA, the zebrafish

base-pairing scheme differed the most in expansion seg-
ments, typically with human rRNA having the longest exten-
sions, as expected (Fig. 3A; Supplemental Figs. S3–S6). As
an example, zebrafish LSU expansion segment 7 in H25
lacked ∼400 nt, primarily with shorter helixes 25ES7a, “b”,
“d”, “e” and entirely lacking “f”, “g”, and “h” (Fig. 3A). In
contrast to regions that lacked2′-O-Mesites,other structural

A B C

FIGURE 3. Structural comparison of zebrafish early- and late-rRNA with human rRNA. The scaling compared to Supplemental Figures S3–S5 is
indicated. (A) Helix 25 in LSU and expansion segment 25ES7a–h showing the deletion of 25ESf, “g,” and “h” and shortening of 25ESa, “b,” “d,”
and “e.” (B) Helixes 75-79 and the two expansion segments 78ES30 and 79ES31 in Domain V in LSU with deletion and reduction of 78ES30 in
early- and late-LSU, respectively, and elongation of 79ES31b in early LSU. (C ) Part of the 5′ domain in SSU focusing on helix 9es3-ac. Segments of
high (black) and low (red) degree of conservation, helix numbering (blue), conserved (M; black), and novel zebrafish 2′-O-Me sites (M; blue) are
indicated.
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elementswhere early- and late-rRNA structures differed had
strikingly placed zebrafish-specific 2′-O-Me sites. In the
structure comprising H75-79, H78ES30 was shorter and
H79ES31b was considerably longer in early-rRNA than the
human counterpart, whereas these structural elements
were much more similar to human in late-rRNA (Fig. 3B).
The late-rRNA specific methylation LSU-C3916 was found
at the three-way junction that organizes these helices (Sup-
plemental Fig. S6) suggesting a role in the folding or confor-
mational flexibility of late-rRNA in zebrafish. In early-SSU
rRNA, the “a” part of the expansion segment in h9 (9es3a)
was extended by a 28 nt long GC-rich sequence with ∼14
nt on either side of the loop compared to the human coun-
terpart (Fig. 3C; Supplemental Figs. S3, S4). In contrast, this
helixwasonlyextendedby threeG–Cpairs in late-SSU rRNA
immediately adjacent to the loop and thus almost identical
to the human structure. Furthermore, the “b” and “c” parts
of 9es3b-c in early-SSU rRNA had an insertion of a 14 nt G-
rich long sequence compared to the human counterpart,
and was rearranged so the C-rich 5′ part of the helix was
swappedwith theG-rich 3′ part. In late-SSU rRNA, the inser-
tion of the G-rich sequence was only 6 nt-long and the rear-
rangement seemed less dramatic (Fig. 3C; Supplemental
Figs. S3, S4). Zebrafish methylation sites SSU-U286 and
-U287 were found in an internal loop at the base of 9es3b-
c suggesting their involvement in folding of this expansion
segment, to avoid interference with the folding of the con-
served core. Altogether, the sequence and structure com-
parison revealed that late-rRNA resembled human rRNA
the most.

Assigned SNORDs conform to the SNORD-target
RNA interaction rules

Two sets of sequencing data were used to study the
SNORD guides, a low-coverage data set that came along
with the RiboMeth-seq analysis, and a dedicated small
RNA-seq data set for which we used RNA isolated from
early developmental stages. SNORDs were identified by
running the FASTA file generated from the sequencing
through snoScan (Schattner et al. 2005) or by manual
searching for antisense elements matching a known meth-
ylation site. A plausible SNORD conforming to the
SNORD-target RNA interaction rules could be assigned
to 93/96 sites (Supplemental Table S4; Supplemental
Data 4), not considering the two methylations in the A-
loop of LSU rRNA known to be installed by a stand-alone
methyltransferase (Lapeyre and Purushothaman 2004)
and allowing +5 and +6 doublemodifications at three sites
(SSU-U287, LSU-G2351, and LSU-G4198). Thus, there are
currently three novel methylation sites (SSU-A1322, SSU-
A1637, and LSU-G2817) lacking an assigned SNORD
(Supplemental Table S4). This set of SNORDs constitutes
a minimal set of expressed SNORDs that could account
for the observed methylations.

The ribose methylation system in zebrafish appeared to
follow strict rules sufficient to explain the experimental ob-
servations. First, themajority of SNORDs guided only a sin-
gle methylation with only three SNORDs using antisense
elements associated with both box D and box D′ (Fig.
4A) and one SNORD (SNORD30) guiding two sites (SSU-
A1383 and LSU-A3804). Second, the rules for base-pairing
interaction between the antisense element in the SNORD
and the target sequence in rRNA appeared to be very strict
with a minimum of nine base-pairings from position 2–10
upstream of box D (or D′) (Fig. 4B). The base-pairings
were almost exclusively Watson–Crick, with few G–U pairs
and rarely toleratedmismatches at the second position up-
stream of box D (Supplemental Fig. S7). Third, the box C
and box D of almost all SNORDs complied with the con-
sensus sequences 5′-RUGAUGA and 5′-CUGA, respective-
ly (Fig. 4C, upper panels). Box D′ was less conserved
whereas Box C′ was difficult to identify in most SNORDs
and appeared almost completely degenerated (Fig. 4C,
lower panels). Thus, zebrafish SNORDs and SNORD-target
interactions follow the rules of other vertebrate species,
such as human and mouse.
Based on the established rules for methylation guiding,

we propose that the methylation of LSU-2824, which in hu-
man is Umand in zebrafishGm (Fig. 4D), is a remarkable ex-
ample of coevolution of SNORD34 and the rRNA target
involving three compensatory base pair changes in order
to preserve themethylation. LSU-2824 is located in an oth-
erwise highly conserved region of the ribosome with three
additional conservedmethylations, one in each of H47 and
H60, and two in H61 (Fig. 4D, right). In human, there is an
additional methylation 13 nucleotides upstream of LSU-
2824 (LSU-C2811). In zebrafish, a G–U pair close to the
base ofH61differs fromaG–Cpair in human (Fig. 4D, right)
and the G is methylated. It would be of interest to see if
these two species-specific modifications play similar roles
in organizing the neighboring four-way junction. Only
two other instances of compensatory base pair changes
in the SNORD:target interaction were found (Supplemen-
tal Fig. S8). Another observation that is plausibly explained
by applying the consensus rules is the methylation at LSU-
C3916 that is exclusively found in late-rRNA (Fig. 2B). Here,
we hypothesize that a C rather than an A immediately 5′ of
the methylated C at position +5 prevents the formation of
consensus base-pairingwith SNORD202 in early-rRNAand
thus the introduction of the 2′-O-Me (Fig. 4E).

SNORD expression of a subset of fractionally
methylated sites is delayed and correlates with
increased methylation in the course of development

We used the low-coverage RNA-seq from RiboMeth-seq
to estimate SNORD levels and correlate with 2′-O-Me stoi-
chiometry. In our hands, these estimates are consistent
with RT-qPCR and Northern blot analysis, probably
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because they are based on sequencing of alkaline frag-
ments that reduce the bias due to adapter ligation to the
mature ends of the SNORDs. The overall SNORD levels
in unfertilized eggs and the 32-cell stage were very low
compared to the 12-somite and protruding-mouth stages,
and the adult tail (Fig. 5A). A likely explanation is that rDNA
transcription and thus rRNA biogenesis is shut-down in un-
fertilized eggs at the time of harvesting and that transcrip-
tion of late-rRNA similarly is low in the 32-cell stage (Fig.
1C). This provides an interesting opportunity for correlat-
ing SNORD production and methylation stoichiometry
during development. To this end, we identified seven
2′-O-Me sites with increasing methylation during develop-
ment (methylation pattern from being fractional in the
12-somite and protruding-mouth stage to fully methylated
in the adult tail sample) and their cognate SNORDs based
on the results in Figure 2A,B; Supplemental Data 1. When
the expression levels of these SNORDs were compared to
those of the SNORDs guiding the 83 2′-O-Me sites that
showed no change in methylation, we observed a signifi-

cantly delayed expression of the seven SNORDs (Fig.
5B). Notably, the expression of these SNORDs was not a
simple reflection of host gene expression. Three of the
host genes encode additional SNORDs that followed the
expression of the main group of SNORDs and guide mod-
ifications of sites that are fully methylated throughout de-
velopment. The uncoupling of SNORD expression from
host gene expression can, for example, occur by alterna-
tive splicing of the primary transcript and non-sense medi-
ated decay and has previously been documented (Lykke-
Andersen et al. 2014; Hebras et al. 2020).

Focused analysis of a host gene reveals an
unanticipated multitude of SNORDs

Our SNORD search was focused on discovery of a minimal
set that could explain the observed methylation patterns.
However, it is known from SNORD inventories in many or-
ganisms that several SNORDs are represented by more
than one family member and that SNORDs without a

A

D E

B C

FIGURE 4. Analysis of SNORDs identified in this study. (A) Distribution of SNORDs guidingmethylations in rRNA using box D, box D′, or both. (B)
Base pair interaction between the antisense element in the SNORD and the rRNA target in relation to the distance from box D (or D′). (C )
Sequence logo of the box D, D′, C, and C′ of SNORDs guiding methylations in rRNA generated by WebLogo (Crooks et al. 2004). (D, upper
left) sequence comparison of human and zebrafish early- and late-rRNA containing a conservedmethylation at LSU-2824 with indications of iden-
tical (.), deleted (-), and methylated (m) nucleotides. (Lower left) Human and zebrafish SNORD34 and the interaction with the target sequence
surrounding LSU-2824. Nucleotides that differ between the two are labeled in red. (Right) 2D structures of a conserved LSU rRNA region between
human and zebrafish highlighting methylations in H47, H48, H60, and H61. Methylation at LSU-2824 is in red and the zebrafish-specific methyl-
ation in blue. (E, upper) sequence comparison of human and zebrafish early- and late-rRNA highlighting LSU-Cm3916 only found in late-rRNA.
(Lower) Drawings of the SNORD base-pairings with early- and late-rRNA, respectively. The presence of a mismatch (x) with early-rRNA may pre-
vent pairing and methylation. (Hsa) Homo sapiens, (Zbf) zebrafish.
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known target (“orphans”) as well as SNORD pseudogenes
exist. Supplemental Data 4 lists additional members of the
SNORD families in our minimal data set as revealed by a
naïve BLAST analysis. Because methylation of LSU-C3916
was specific to late-rRNAandguidedby an apparently nov-
el SNORD (SNORD202), we conducted a thorough analysis
of the host gene of this SNORD, FP101887. The annotated
transcripts from the gene do not appear to encode pro-
teins, but on the other hand, the transcripts were not de-
tected in a survey of zebrafish lncRNA (Ulitsky et al. 2011).
In addition to the SNORD202 sequence used in our mini-
mal set, the gene has two annotated SNORD202 family
members that diverge slightly in sequence, but all appear
to be bona fide guide RNAs. By aligning the gene se-
quence and the longest of seven annotated transcripts,
we derived the exon–intron structure (Fig. 5C;
Supplemental Fig. S9) and searched for SNORD motifs in
the intronic regions. Surprisingly, this revealed ten
SNORDs, of which nine are related in sequence (Fig. 5D).

Seven of these have antisense elements consistent with
guiding methylations at LSU-U3904 (upstream of the D′

box) and LSU-C3916 (upstream of the D box). One has
the antisense element for LSU-C3916 only, and, converse-
ly, one has the antisense element for LSU-U3904 only.
These are the two family members that we detected for
our minimal set with the latter corresponding to
SNORD52. All of the family members appear to be ex-
pressed at low to medium levels and all increased their ex-
pression during development as evidenced by our low-
coverage RNA-seq analysis (Fig. 5E). The expression levels
of individual members appeared related to the stability of
the short terminal stem (Supplemental Fig. S10) formed
by sequences flanking boxes C and D that pair to form a
kink-turn stabilized by binding of the zebrafish homolog
of the Snu13/15.5k_NHPX/L7Ae protein (Watkins and
Bohnsack 2012). The antisense element associated with
box D and required for guiding methylation of LSU-
C3916 was not found in any of the SNORD52 homologs

A

C

D

B E

FIGURE 5. SNORD expression levels during zebrafish development. (A) Relative expression levels of all SNORDs identified in this study that
guides methylation in rRNA. (B) Cumulated expression of SNORDs guiding invariable 2′-O-Me sites (Invariable) and sites that exhibit increased
methylation during development (Me up). This group comprised SSU-C346, -U354, -G436, LSU-C3916, -G3923, -A4560, and 5.8S-U14 and the
cognate SNORDs, SNORD-200, -90, -100, -202, -111, -119, and -71. Asterisks indicate significant differences between the two groups of meth-
ylation sites within a given developmental stage. (C ) Schematic of the poorly annotated FP101887 host genewith indication of 11 exons based on
comparison to the longest annotated transcript that appear to encode a lncRNA. The introns host 10 SNORDs of which nine are related. Two
SNORDs are given double names (see text for explanation). (D) Alignment of the SNORDs encoded by the FP101887 gene. Conserved
SNORD elements are in bold and the antisense elements are underlined. Nucleotides deviating from the most abundant nucleotide at any given
position in the alignment are labeled in red to highlight the relatedness of the SNORDs. (E) Expression data extracted from RiboMeth-seq analysis
(low coverage RNA-seq).
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aligned in an evolutionary analysis of 29 vertebrate
SNORDs (Kehr et al. 2014). Thus, the 3′ half of the seven
double-guiding SNORDs in FP101887 and SNORD202
are formally a novel SNORD family. However, to maintain
transparency in the literature, we label all of these
SNORDs as SNORD52 family members. The SNORD52-
unrelated SNORD encoded by the last annotated intron
in FP101887 (labeled SNORDX in Fig. 5C) is among the
most highly expressed SNORDs in zebrafish. It has at least
three plausible targets in rRNA, but none of these were
found to be methylated. Thus, it was excluded from our
minimal set and awaits further analysis.

DISCUSSION

2′′′′′-O-Me sites and assigned SNORDs in the zebrafish

We applied RiboMeth-seq to whole-cell RNA from zebra-
fish and uncovered 98 high-confidence sites defined as
methylated sites that were further supported by primer ex-
tension analysis (20 sites) and/or assignment of a SNORD
guide (or an enzyme in the case of the two A-loop sites)
conforming to consensus (95 sites). Apart from one site
that was specific to late-rRNA, all sites were methylated
in both early- and late-rRNA, albeit to varying degrees
for a subset of sites. Ten of the sites were not found in hu-
man and mouse (Krogh et al. 2016; Hebras et al. 2020).

We identified 86 SNORDs responsible for 93 of the
96 RNA-guided ribose methylations. Together, these
SNORDs constitute a minimal set that was sufficient to ex-
plain the observed methylation patterns in RiboMeth-seq
experiments. 41 of the SNORDs were also listed in the
small nucleolar RNA Orthogonal database (Yoshihama
et al. 2013), and only 12 were annotated in the ZFIN data-
base (www.zfin.org). Two of the SNORDs in our set were
described separately (Makarova and Kramerov 2009).
Altogether, we have updated the information on zebrafish
2´-O-Me sites in rRNA and cognate SNORDs to the level of
other major model organisms. All of the SNORDs in the
minimal set were encoded in intronic regions within host
genes (Supplemental Data 4). The base-pairing interac-
tions between the SNORDs and their targets almost all
(89/98) conformed to strict consensus rules. The main ex-
ception was three cases of double modifications at posi-
tions +5 and +6, a phenomenon that has also been
observed in several other systems. As in human (Krogh
et al. 2016) and mouse (Hebras et al. 2020), but different
from yeast (Birkedal et al. 2015) and many species of ar-
chaea (Dennis et al. 2015), 83/86 SNORDs appeared to
guide a single methylation, predominantly using the box
D′-associated antisense element (two-thirds of the cases).
Five of the SNORDs appeared novel and were numbered
SNORD200-204 (high numbers used in order not to inter-
fere with human numbering). These SNORDs returned no
hits when queried in the Rfam database (Kalvari et al. 2018)

and we were unable to detect related SNORDs by BLAST
searches with one exception. SNORD201 is related to
human orphan SNORD101 in the human snoRNA atlas
(Jorjani et al. 2016). The sequence similarity does not
include the antisense element and thus, we maintain
the SNORD201 numbering emphasizing the functional
SNORD of the two until a more comprehensive phyloge-
netic analysis can form the basis for defining the family
to which these SNORDs belong.

SNORD inventories from several organisms have re-
vealed that many SNORDs are represented by several ge-
nomic copies that may differ in sequence and that many
SNORDs without known targets (“orphans”) exist. In
Supplemental data 4 we have listed 33 additional
SNORDs belonging to 16 families (one to five additional
copies) revealed by BLASTN analysis of the zebrafish ge-
nome. The additional copies were typically found in the
same host gene as the SNORD from the minimal set.
However, this is clearly not the full story as revealed by
our in-depth analysis of the FP101887 host gene. Here
we found a total of 10 SNORDs, seven more than annotat-
ed for the gene. Nine of these belong to the same family,
with seven double guides and two in which the antisense
element associated with either the D box (SNORD52) or
D′ box (SNORD202) was degenerate. One possibility is
that the double-guiding SNORDs gave rise to two sin-
gle-guiding SNORDs following an evolutionary trend to-
ward single-guiding SNORDs. For transparency in the
literature, we assigned all of these nine SNORDs to the
SNORD52 family, using double names SNORD52A/
SNORD202 and SNORD52I/SNORD52 in this paper to
highlight the novelty of the box D-associated antisense el-
ement guidingmethylation at LSU-C3916. Clearly, a full in-
ventory of zebrafish must await a dedicated analysis, as is
the case for most other model organisms.

Early-rRNA is structurally different from late-rRNA
and may have adopted functions specific to early
development

Genome duplication is an important source of paralogues
in evolution. However, there are only a few examples that
comprise rRNA genes, which is surprising considering that
sequence variants of rRNA genes have been suggested to
be of functional importance (Kurylo et al. 2018; Parks et al.
2018). The few well-described examples comprise rRNA
genes in the malaria parasite, Plasmodium falciparum
(Gunderson et al. 1987; Mercereau-Puijalon et al. 2002),
and the parasitic trypanosomatids (Liu et al. 2016;
Shalev-Benami et al. 2017; Rajan et al. 2020). In the latter
organisms, several studies have addressed variable ribose
methylation in rRNA of the blood stream form of the para-
site propagating in humans and the procyclic form propa-
gating in the insect host (Liu et al. 2016; Shalev-Benami
et al. 2017; Rajan et al. 2020). In the case of
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Trypanosoma brucei, the 2′-O-Me sites were recently
mapped by several sequencing-based approaches, in-
cluding RiboMeth-seq, and it was argued that differences
inmethylation could be part of adaptation to differences in
nutrients and temperature in the two hosts (Rajan et al.
2020). The teleost-specific whole-genome duplications
may have given rise to the two genomic rDNA clusters de-
scribed in zebrafish (Locati et al. 2017). Sequence and sec-
ondary structure comparisons revealed that late-rRNA was
more similar to rRNA from other vertebrates than the early-
rRNA subtype (Fig. 3), suggesting that the cluster encod-
ing early-rRNA was more diverged, and likely acquired
new properties. It was recently reported that snoRNAs
U3, U8, and snoZ30 also exist in early- and late-expressed
versions (Pagano et al. 2020). Finally, it is possible that the
genome duplication also gave rise to new SNORDs, but
due to the low sequence constraints of SNORDs it was
not possible to establish if the zebrafish-specific SNORDs
are derived from more ancestral vertebrate SNORDs by
duplication and sequence drift.
Temporal concurrence of the early-rRNA subtype and

maternal mRNA, as well as their similar rate of decline in
the course of zebrafish development, suggests a functional
link. Maternal mRNA, stockpiled in an oocyte and utilized
for translation well beyond the time point of zygotic ge-
nome activation, has unique features ensuring its stability
and mechanisms of activation and degradation. These in-
clude short or no poly(A) tail, and the subsequent cytoplas-
mic polyadenylation regulates translational maturation
and efficiency, transcript stability, and controls maternal-
to-zygotic transition (Vasudevan et al. 2006; Subtelny
et al. 2014; Winata and Korzh 2018; Winata et al. 2018;
Vastenhouw et al. 2019). Also, maternal mRNA is enriched
in epitranscriptomics modifications, such as N6-methyl-
adenosine (m6A), which functions in destabilization (clear-
ance), but also affect the translational efficiency (Huang
et al. 2017; Aanes et al. 2020), and 5-methylcytosine
(m5C), which enhances the stability of maternal mRNA
(Yang et al. 2019). Finally, maternal mRNA contains transl-
ation-dependent information, in particular codon usage
that influences translation efficiency and transcript decay
(Bazzini et al. 2016; Mishima and Tomari 2016).
Together, the features of maternal mRNA support the pos-
sibility of specialized translational machinery evolved in
parallel. Ribosomal heterogeneity is well-established and
has been associated with differential transcript preferenc-
es and translation efficiencies, although hard evidence
for functionally specialized ribosomes is scarce (Genuth
and Barna 2018; Guo 2018; Ferretti and Karbstein 2019).

Fractional modification at certain 2′′′′′-O-Me sites is a
feature of development

The RiboMeth-seq analysis revealed that most sites were
fully or close to fully methylated in adult tissues, leaving

only six sites as fractionally modified (RMS-score <0.80).
This is in line with our observations from human andmouse
(Hebras et al. 2020) and in contrast to the early analyses of
cell cultures in which one-third of sites were fractionally
modified (Krogh et al. 2016). Fractional, or substoichio-
metric methylation, is an important phenomenon because
it implies that the ribosome population is heterogeneous.
However, fractional modification could be a passive phe-
nomenon without functional consequences. One possibil-
ity is that fractional modification is caused by recently
acquired SNORDs that have not yet become optimized
for targeting. By comparison of fractional sites to a careful
phylogenetic analysis of the origin of their cognate
SNORDs there is no support in humans (Kehr et al. 2014;
Krogh et al. 2016) or yeast (Birkedal et al. 2015; Canzler
et al. 2018) for such an explanation. Another trivial expla-
nation is that the methylation stoichiometry reflects
SNORD availability. Although this appears to be the case
for some SNORDs, there is no global correlation between
SNORD levels and methylation stoichiometry in humans
(Krogh et al. 2016), mouse (Hebras et al. 2020), or in the
present study. Finally, methylation could reflect SNORD
access and thus reflect partitioning between different
rRNA folding pathways. If this was the case, the variation
in methylation in studies like the present, would imply con-
siderable changes to ribosome biogenesis during devel-
opment. Based on these arguments, we propose that
fractional methylation in at least some cases is a nontrivial
phenomenon that should be subjected to functional
studies.
An important find in the present study was that 8/98 2′-

O-Me sites were fractionally modified during zebrafish de-
velopment, but fully modified in the adult fish. Conversely,
2/5 sites that were fractional in adult were close to fully
methylated in all investigated developmental stages.
Thus, changes to the level of methylation appear to be a
feature of zebrafish development similar to what was pre-
viously observed in the mouse (Hebras et al. 2020).
Strikingly, species-specific sites appear particularly en-
riched among sites that display developmental variation.
A significant fraction (6/10) of the zebrafish-specific sites
found in the present study conformed to this notion.
Similarly, among the 21 sites in mouse that were not found
in zebrafish, 12 displayed methylation differences be-
tween developmental stages and adult mouse. These con-
stituted a large fraction of the sites (12/20) that showed
variation. Fractional methylation implies heterogeneity at
the level of the ribosome and may be related to a regula-
tory transition, a hallmark of early development. Thus, we
suggest that a subset of ribose methylations in rRNA con-
stitute an adaptation to specific features of organismal de-
velopment in vertebrates. Other studies have noted
changes in SNORD levels during development, for exam-
ple, in the classical developmental model Dictyostelium
discoideum (Aspegren et al. 2004) and in Drosophila
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melanogaster (Angrisani et al. 2015). It will be of interest to
study if these changes in SNORDs are paralleled by chang-
es in ribosomal RNA methylation patterns and affect
development.

The components of box C/D snoRNPs have multiple
functions. Fibrillarin is the methyltransferase responsible
for RNA-guided ribose methylation (Cavaille et al. 1996;
Kiss-Laszlo et al. 1996), but it has additional catalytic func-
tions, including histone methylation (Tessarz et al. 2014;
Iyer-Bierhoff et al. 2018), and a key role as a structural com-
ponent in nucleolar phase transitions (Feric et al. 2016).
Proteins that combine with RNAs for targeting, such as
Fibrillarin and box C/D RNAs, constitute powerful and
highly adaptable systems. Several of the box C/D
snoRNPs are involved in ribosome biogenesis without in-
troduction of methylations, for example, U3 snoRNP that
is essential for early cleavages of pre-rRNA (Beltrame and
Tollervey 1995; Marmier-Gourrier et al. 2011). Those that
conform to the methylation paradigm may in fact also be
diverse in function. In some cases, the SNORD may carry
the main function in chaperoning the folding of rRNA. In
other cases, the methylation may carry the main function
in stabilizing the ribosome or mediating translation. For
this reason, it is important to experimentally establish the
methylation pattern in key model organisms and to relate
this to the specific biology of the organism. In this study,
we have provided the foundation for such work in zebra-
fish. We suggest that some zebrafish modifications are ad-
aptations to structural alterations in rRNA (Fig. 3) and that
others may impact mRNA recruitment and translation dur-
ing development. These observations open the possibility
for functional studies involving manipulations of selected
SNORDs using antisense oligonucleotides that interfere
with host gene splicing or processing of the SNORD
(e.g., using morpholinos; Higa-Nakamine et al. 2012) or
by CRISPR–Cas9 KO of SNORD sequences. Both strate-
gies are technically challenging because the SNORDs
are located close to splice sites and because the effects
of manipulating the SNORD sequences on the often com-
plex splicing of the host gene transcripts are unknown.

MATERIALS AND METHODS

Zebrafish maintenance and sampling

The AB zebrafish line embryos and adults were sourced from the
zebrafish facility belonging to Nord University, Norway. The ex-
perimental procedures and husbandry were performed in agree-
ment with the Norwegian Regulation on Animal Experimentation
(The Norwegian Animal Protection Act, No. 73 of 20 December
1974). This was certified by the National Animal Research
Authority, Norway, General License for Fish Maintenance and
Breeding no. 17. The maintenance of zebrafish was done using
an Aquatic Habitats recirculating system (Pentair) and followed
the standard protocol (Westerfield 2000). The fish were fed SDS

zebrafish-specific diet (Special Diet Services) according to the
manufacturers’ instruction.

Sampling was performed in triplicates, and the source fish orig-
inated from three different tanks to eliminate tank-specific varia-
tions. To collect unfertilized eggs, two sexually mature females
were randomly chosen from each experimental tank, sedated us-
ing 50 mg/L MS-222 (Tricaine; Sigma Aldrich) buffered with equal
parts of sodium bicarbonate (NaHCO3), and the unfertilized eggs
were obtained by manual stripping. The eggs were then washed
in ice-cold PBS, drained and immediately snap-frozen for later
RNA purification (Presslauer et al. 2017). To collect 32-cell, 12-
somite and protruding-mouth stages, parental fish were free-
spawning in their respective tanks without prior isolating males
and females. Embryos were collected within 10 min after the fer-
tilization and further incubated in Petri dish placed in a cell culture
incubator at 28.5°C. Their development was visually tracked un-
der light microscopy. The required embryonic stages were iden-
tified according to Kimmel et al. (1995), snap-frozen in liquid
nitrogen and stored at−80°C for later RNA purification. To collect
samples of trunk from adult individuals (here referred to as “tail”
sample), single random male and female were chosen from each
experimental tank. These individuals were euthanatized with 200
mg/L MS-222 and the sample filets were dissected and snap-fro-
zen for later RNA purification. Images of zebrafish developmental
stages were taken with a Zeiss Axio Zoom V16 microscope using
Zeiss Zen image analysis software.

Purification of whole-cell RNA

RNA samples (<50 embryos per replicate) were treated with 1 mL
Qiazol (Qiagen) and an adequate amount of lysis beads, and ho-
mogenized in the Precellys 24 system (Bertin instrumentation) at
5000 RPM for 2× 20 sec with a 20 sec gap. Unclear lysates were
centrifuged at 13,500 RPM for 10 min at 4°C to remove debris.
Otherwise, RNA was purified according to the manufacturer.
Subsequently, RNA pellets were dried, resuspended in RNase
free water, and 1 µL was used to measure quantity (average of
>400 ng/µL) and quality (RIN>9.6) using an Agilent
TapeStation 2200 (Agilent). For long-term storage, RNA was
repelleted and kept in 70% ethanol at −80°C. Prior to use, the in-
tegrity of the RNA was assessed on a denaturing 1% agarose gel.

RiboMeth-seq and SNP analysis

The initial mapping and quantitation of 2′-O-Me in rRNA was
achieved using RiboMeth-seq on biological triplicates except
for the adult tail sample which was conducted in duplicate.
RiboMeth-seq was essentially performed as previously described
(Birkedal et al. 2015; Krogh et al. 2016). Whole-cell RNA was sub-
jected to partial alkaline degradation, purified on a 10% UPAG.
Prior to cDNA synthesis using SuperScript IV RT (ThermoFisher
Scientific), adaptor ligation was done using a tRNA ligase. The re-
sulting libraries were sequenced on Ion PI Chips (v3) using an Ion
Proton semiconductor sequencer with default analysis parame-
ters except that –trim-adapter-cutoff=0 was added to the “Pre-
BaseCaller for calibration” and “BaseCaller” to include adapters
in the FASTQ file generated using the FastqCreator on the
Torrent server. Reads were subsequently sorted based on bar-
codes in the 5′adapter (cDNA) and this adapter was removed
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using a Python script. Here, it is important to keep inmind that the
analysis is critically dependent on recording of read ends and that
the sequence primarily serves to map the read. The generic Ion
P1B (3′adapter) was subsequently removed and untrimmed reads
or reads shorter than 15 were discarded using cutadapt v2.0. The
trimmed reads (median length of ∼34 nt with >95% of reads be-
ing between 25 and 45 nt long) were mapped separately to the
zebrafish early- or late-rRNA (Locati et al. 2017) and SNORDs
(Supplemental Data 5) using Bowtie2 v2.3.4.1 with -k 10. Prior
to read-end counting multiple mapped reads were removed al-
lowing only the best mapped reads using a Python script. The
“fraction methylated” (RMS-score) was calculated as previously
(“score C” in (Birkedal et al. 2015). Subsequently, at a few sites,
the RMS-score was manually corrected based on an inherent
problem that arises when the commercial RNA oligo used in the
first adapter ligation is less than full-length. If the adapter is miss-
ing a nucleotide at its 5′ end and ligated to a library RNA fragment
with an identical nucleotide at its 3′ end, the barcode is thus intact
and the library nucleotide will be removed during data process-
ing. Such errors are easily detected and dealt with by excluding
the 3′ end data set from the calculation in the affected replicate
and at the problematic site only (see Krogh et al. 2017).
Corrected sites are indicated in Supplemental Data 1.

SNP analysis was performed using Samtools v1.3.1. To calcu-
late relative expression of early- and late-rRNAs, isolated SNPs
with >30 nt distance to other SNPs were picked based on differ-
ences between early- and late-rRNA described in Locati et al.
(2017). In total, four positions (T24, A55, C1633, and C1728) in
SSU and seven positions (C1218, G1351, T1523, C2096,
A2201, C3196, and C3780) in LSU (early-rRNA numbering) were
used in the analysis.

Detection of 2′′′′′-O-Me by primer extension

A subset of 2′-O-Me sites with low (RMS<0.75) or inconsistent
scores and sites without a plausible SNORDwere further assessed
by the high/low dNTP-concentration primer extension method
(Maden 2001). Primers were designed based on the predicted
2′-O-Me sites and a list of all the primers can be found in
Supplemental Table S5. Reverse transcription of 1 µg of whole-
cell RNA fromappropriate developmental stageswere performed
in 20 µL 1× RT buffer at 42°C for 60 min supplemented with 1 µL
AMV RT (Promega, 20 U) at low and high dNTP concentrations
(0.01 mM and 1 mM, respectively). The cDNA generated were
separated on an 8% UPAG together with a sequencing ladder.
Dried gels were exposed to Phosphor Imager Screens and
scanned using a Typhoon Biomolecular Imager (Amersham) to vi-
sualize the radioactive signals from the probes. Images were ana-
lyzed using Fiji software.

Identification of SNORDs by small RNA-seq

Embryos from different zebrafish developmental stages (32-cell,
oblong, and 15% epiboly) were collected as described above,
snap-frozen in liquid nitrogen and stored at −80°C. Whole-cell
RNA from each of the stages were extracted from ∼30 zebrafish
embryos using QIAzol lysis reagent (QIAGEN) as described
above. The quality of the RNA was assessed by an Agilent
TapeStation 2200 and all samples used for library construction

had a RIN value >9. One μg of whole-cell RNA from each stage
was subjected to rRNA depletion using the RiboMinus
Eukaryote System v2 (Invitrogen), and small RNA libraries were
constructed using Ion Total RNA-seq Kit v2 (ThermoFisher
Scientific) with minor modifications. In short, the rRNA-depleted
RNA samples were enriched for small RNA (<200 nt) using the
magnetic bead clean-up module supplied with the kit or the
Monarch RNACleanup Kit (New England Biolabs), adapters dilut-
ed 1:2 were ligated to the RNA for 2 h and the RNA subsequently
reverse transcribed using Superscript IV (ThermoFisher Scientific).
The cDNA was purified using the magnetic bead clean-up
module, without size-selection. Amplification of cDNA and purifi-
cation were performed according to the manufacturer’s instruc-
tions. Manual template preparation of libraries was carried out
on the Ion OneTouch 2 System (ThermoFisher Scientific) and sub-
sequently sequenced on Ion 540 chips, the Ion GeneStudio S5
System. Reads were automatically trimmed, low quality reads dis-
carded using default settings on the Torrent server, and a FASTQ
file generated using the FastqCreator plugin.

SNORD search and rRNA interaction prediction

The FASTQ files from the small RNA-seq of the three stages were
converted to FASTA files using a Perl script, merged and subse-
quently used as the basis of the SNORD search and rRNA interac-
tion prediction. Initially, SNORDs were identified by running the
merged FASTA file through snoScan (Schattner et al. 2005)
against zebrafish early- and late-rRNA reference sequences
(Locati et al. 2017). Only the top-ranked SNORDs conforming to
the consensus rules for SNORD-target rRNA interaction were
picked for further analyses (Krogh et al. 2016). A few SNORDs
weremanually identified by searching for the predicted sequence
of an antisense element based on the neighboring sequence of
the 2′-O-Me site in question. Subsequently, SNORDs were as-
signed to the methylated sites identified by RiboMeth-seq and
primer extension analysis and named in accordance with the hu-
man SNORDs (HGCN). The generated list of SNORDs with pre-
dicted rRNA interactions was aligned against the zebrafish
genome (ENSEMBL, GRCz11) using BLASTN, with search sensi-
tivity set to normal (http://www.ensembl.org/Danio_rerio/Tools/
Blast) to extract genomic location, host gene information
(Supplemental Table S4; Supplemental Data 4, 5), to validate
the SNORD sequences, and extract information on potential ho-
mologs. By mapping reads from the RiboMeth-seq analyses
against the SNORD sequences, the list of SNORDs was subse-
quently filtered based on expression and thus only expressed
SNORDs were considered in this study (Supplemental Data 5).

Statistical analyses

The RMS-score from RiboMeth-seq results are expressed asmean
±SD. SNORD expression data as mean±SEM. Correlations were
analyzed using Spearman’s Rank correlation. Statistical analyses
were performed using Microsoft Excel software and GraphPad
Prism 7. Comparison of two groups was analyzed by Student’s un-
paired t-test (two-tailed) and statistically significant differencesbe-
tween groups are indicated as ∗P<0.05, ∗∗ P<0.01, and ∗∗∗ P<
0.001. The unsupervised hierarchical cluster analysis and associat-
ed heatmapwas generated in R using the pheatmap packagewith
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the complete linkage method and otherwise default settings
(https://CRAN.R-project.org/package=pheatmap).

DATA DEPOSITION

Sequencing data from RiboMeth-seq and small RNA-seq are
deposited at the NCBI Gene Expression Omnibus database and
accessible through GSE151797.
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Supplemental material is available for this article.
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