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Abstract

The intron-exon structures of nuclear genes show striking diversity across
eukaryotes. Several independent lineages have undergone convergent
evolution including widespread loss of introns and transformed cis splicing
signals. The causes and mechanisms of these changes remain mysterious: (i)
transformation of splicing signals could reflect either selective loss of
suboptimal introns or coevolution of introns and splicing machinery; and (ii)
corresponding changes in the splicing machinery remain poorly
characterized. A promising model to study these questions

is Entamoeba. Analysis of five Entamoeba species revealed low intron
densities, nearly universal atypical 5’ splice sites and 3’ intronic sequences. A
flexible search for U1 snRNA genes revealed a modified 5’-AACAAAC-3’
recognition sequence, affording complete Watson-Crick basepairing potential
with the atypical 5’ splice site and extended basepairing potential. A U1
candidate in the related species Mastigamoeba balumuthi revealed a
separate modification complimenting a different atypical consensus splice
site. Genome-wide study of intron loss and gain revealed that introns with
suboptimal splicing motifs were no more likely to be lost, suggesting against
genome-wide homogenization of intron splicing motifs by selective intron
loss. Unexpectedly, this analysis also revealed widespread intron gain

in Entamoeba invadens. In total, the current analyses: (i) provide the most
direct available evidence of coevolution of spliceosomal introns and splicing
machinery; (ii) illuminate the evolutionary forces responsible for concerted
intron loss and splicing motif transformation; and (iii) reveal widespread
intron gain in an otherwise highly reduced lineage.

Introduction

In most characterized eukaryotic organisms, the majority of protein-coding
transcripts are processed by a large RNA-protein machinery termed the
spliceosome, which removes internal portions of transcripts, termed spliceosomal
introns, which are thus not represented in mature mRNA transcripts. The genomic
era has revealed the ubiquity of spliceosomal introns within eukaryotes, with the



genomes of nearly all characterized eukaryotes encoding spliceosomal components
and containing spliceosomal introns (1-5).

At the same time, comparative genomic studies have revealed striking differences in
the characteristics of spliceosomal systems across eukaryotes, indicating a dynamic
evolutionary history. Striking differences across eukaryotes are seen in the
numbers, splicing signals and lengths of spliceosomal introns, as well as in in the
spliceosomal itself (3). Intron number range in numbers from hundreds of
thousands in vertebrates to apparently only one in some kinetoplastids (6-7); in
lengths from a broad distribution with a mean of five kilobases in humans to nearly
all introns being 15 or 16 nts in Stentor coeruleus (6, 8); in splicing motifs from the
diverse motifs dispersed across exons and introns characteristic of many species to
highly homogeneous concentrated core intron sequences in species such as yeast
(9-11); and in complexity of machinery from hundreds of spliceosomal proteins in
animals to perhaps a few dozen in the red alga Cyanidioschyzon merolae, which
appears to have entirely lost the U1 snRNP, the one of the five core complexes of the
spliceosome responsible for recognizing the 5’ splice site (12-15).

A variety of studies have provided the outlines of this dynamic evolutionary history.
Evolutionary reconstructions have revealed that early eukaryotic ancestors
harbored a complex spliceosomal system, with large numbers of introns, complex
dispersed splicing signals, and a complex spliceosome (9,12,16-23). Thus, lineages
exhibiting fewer introns, simpler splicing signals, or simplified spliceosomal
machinery have undergone simplification. Comparative analysis of auxiliary exonic
signals has suggested that such ‘simplified’ species also differ from other species in
greatly reduced usage of such signals, suggesting recurrent evolution from diffuse
splicing signals relying on diverse components to more concentrated signals relying
largely on core splicing motifs (10,24). Notably, such simplification has occurred
many times in eukaryotic history. For instance, lineages from within animals,
unicellular holozoans, microsporidia, apicomplexans, red algae, green algae,
diplomonads, parabasalids, apusozoa, animals and amoebozoa have independently
undergone widespread reduction in intron number, leading to clear minorities of
genes in these reduced lineages harboring introns, in each case representing at least
an order-of-magnitude reduction relative to ancestral genomes (3,9,23). This
extensive sampling of eukaryotic genomes also allows for tracing the coevolution of
different traits of the spliceosomal system. In some cases, correspondences have
been found that fit many scientists’ intuitive expectation: for instance, simplification
of the splicing machinery seems to have occurred in lineages with very few introns
(14,25-26). In other cases, clear but unexpected correspondences have been
discovered: for instance, all lineages that have undergone widespread reduction in
intron number have also undergone homogenization of splicing signals, with introns
in these genomes showing highly homogeneous splicing signals (for instance, three-
quarters of introns in the yeast S. cerevisiae have the 5’ splice site GUAUGU (3,9,23)).
In still other cases, correspondences that might be expected intuitively have not
been recovered. In particular, although changes in splicing signals imply differences
in intron recognition mechanisms (since if the observed signals were not required



for efficient recognition of introns, we would expect ongoing mutation to produce a
diversity of splice sites), corresponding changes in the splicing machinery have been
elusive.

One particular case of transformation remains mysterious. In most modern species
as well as reconstructed ancestors, 5’ splice sites of introns show a consensus
sequence of 5’-GUAAGU-3’, which provides complete complementarity to the
corresponding region of the U1 snRNA (5’-ACUUAC-3’), which is consistent with the
U1 snRNA’s role in splice site recognition through basepairing with the splice site.
Interestingly, a variety of lineages, which appear to be concentrated among those
that have undergone reduction in intron number, have evolved atypical 5’ splice
sites, with a clear consensus of 5’-GUAUGU-3’ ((3) and unpublished data). However,
these lineages have not evolved a complementary change in their U1 snRNA, as
might be expected given the importance of basepairing for intron recognition (27).
This lack of complementary change has been found in multiple lineages favoring 5’-
GUAUGU-3’ splice sites, including Saccharomycotina yeasts, diplomonads such as
Giardia lamblia, and parabasalids such as Trichomonas vaginalis (27-31).

A second mystery involves the evolutionary dynamics driving transformation of
spliceosomal systems, in particular the close association between reduction in
intron number and the evolution of homogeneous core splice signals (3). Increased
homogeneity of core splice signals implies stronger selection for usage of a
particular motif, however why this increased selection should be so closely
associated with reduced intron number remains obscure. Two models have been
proposed. The ‘selective loss’ model posits increased strictness of spliceosomal
requirements evolved first, and has driven loss of introns with sequences not fitting
these requirements, leading to a reduced complement of introns strictly adhering to
consensus signals (32). The ‘coevolution’ model imagines that intron number
reduction occurs first, and that the reduced number of substrates for the
spliceosome then allows coevolution of the splicing mechanism and intron
sequences (3). To date, no test of the differential predictions of these models have
been satisfyingly performed.

A third mystery of intron evolution concerns the gain of spliceosomal introns (33-
37). Reconstructions of the history of intron gain over long evolutionary times as
well as searches for introns created over more recent times have indicated
strikingly divergent evolution. Rates of intron creation show orders of magnitude
variation across lineages, with some lineages undergoing little or no intron gain in
conserved coding regions over tens of millions of years (38-44) while other lineages
experience rapid creation of hundreds or thousands of introns over shorter times
(33-37,45). In addition, these recently gained introns appear to have been created
by a variety of mechanisms (Curtis and Archibald 2010; Li et al. 2009; Huff et al.
2016; Farlowe et al. 2010, 2011; Hellsten et al. 2011; Worden et al. 2009; Denoeud
et al. 2010). Recently, ourselves and others have described intron creation by
mobile elements in a variety of lineages (collectively termed Introner Like Elements,
or ILEs (33-34,36-37,46-48). Ourselves and others have suggested that ILE



dynamics could explain punctate intron gain: most lineages, lacking ILEs, would
experience only rare intron gains, occurring by a variety of serendipitous events; by
contrast, lineages in which a ILE happens to evolve could undergo rapid intron
creation by the genomic spread of these elements (33-34). However, only a small
number of lineages undergoing rapid intron creation have been characterized, and
characterization of additional cases of intron proliferation is thus crucial.

Here we report investigations of the spliceosomal machinery and introns of
Entamoeba histolytica and related species. Previous data suggested that E.
histolytica, a parasite of humans and other primates, is a promising model to study
evolution of splicing. E. histolytica introns show a strong preference for the atypical
5’ splice site GUUUGU, differing from the typical sequence GUAAGU at an
unprecedented two sites (49). Interestingly, previous searches for snRNA
sequences in E. histolytica identified four of the five core snRNAs, but not U1
(27,49). In addition, initial comparisons between different species of Entamoeba
suggested substantial intron loss and/or gain of introns (unpublished data
associated with (50). Here we report several analyses focused on Entamoeba
species, which revealed: (i) the presence of a modified U1 snRNA with perfect
basepairing potential to the modified 5’ splice site; (ii) a lack of evidence for
preferential loss of introns with variant splicing motifs; and (iii) evidence for
substantial gain of introns in one lineage of Entamoeba.

Materials and Methods
Genomic resources

Genome sequences and annotations were downloaded from AmoebaDB 25 for all
Entamoeba species. Other genomes and annotations were downloaded from
Genbank, including N. vectensis (assembly ASM20922v1), Micromonas pusilla CCMP
1545 (v2.0) and commoda (ASM9098v2), Ostreococcus tauri (050606) and
lucimarinus (ASM9206v1), Bathycoccus sp TOSAG39-1 (TOSAG39-1), M. balamuthi
(BN839), T. trahens (TheTra_May2010) and Polysphondylium pallidum
(PolPal_Dec2009). All available Saccharomycotina genomes were downloaded from
Genbank on January 15t%, 2017.

Intron loss/gain analysis

For all three intron position comparisons (the 5-way Entamoeba species
comparison, the comparison with D. discoideum and N. vectensis and the three-way
E.histolytica-E. moshkovskii-E.invadens alignment to identify a maximal set of intron
losses), putative ortholog sets were defined by reciprocal blastp searches and were
aligned at the protein level in Clustalw with default parameters and then
backtranslated with intron sequences added. Conserved regions were defined as
those in which each pair of species shared 230% protein-level sequence identity
over a window of 10 amino acid positions in both directions. For purposes of intron
sequence analysis in Entamoeba, “confident” intron positions were defined as those



that were conserved across all five species. The methods of Roy and Gilbert (17-18)
were used to reconstruct intron loss and gain for both datasets (note that while
other intron construction methods are available, most methods have been shown to
give very similar results in the case of minimal intron gain (20,21); and some of
these methods have been argued to be subject to overestimation of parallel intron
gains when there are few taxa in the dataset, as here (42). All available ESTs for M.
balamuthi (20,111 in total) were downloaded from Genbank. A blat search was
performed against the M. balamuthi genome. Cases where there was a single gap in
the alignment between an EST and the genome, and where the gap had GT-AG
boundaries, were identified as putative introns.

For analyses of 5’ splice sites in M. commoda and T. trahens, sequence logos were
built from introns containing canonical branchpoint motifs (which are common in
these species, e.g., (23)), because previous results have shown a high fraction of
false positive intron calls in intron-poor species ((51) and unpublished results).
Sequence logos were constructed using Weblogo using default parameters (Crooks
et al. 2004).

Search for U1 candidates in Amoebozoans

Infernal 1.1.2 (including cmsearch) was downloaded from eddylab.org/infernal
(53). To search genomes for U1 snRNAs while allowing for sequence flexibility
within the basepairing region, the provided U1l.cm profile file for cmsearch was
modified to give equal scores at these positions for any of the four possible
nucleotides. To test this protocol, all U1 snRNA candidate sequences identified by
Davila Lopez et al (27) were downloaded from the supplemental materials of that
paper. For each of these reported U1 snRNA candidates, the basepairing region was
modified in silico to provide Watson-Crick basepairing to GUUUGU (thus the
basepairing region was changed from ACUUAC to ACAAAC), and a U1 search was
run in cmsearch using the modified Ul.cm profile file. In all cases, the real and
modified U1 sequences gave identical cmsearch scores, indicating good sensitivity of
the method. This method was then run against all downloaded genomes and results
parsed using novel Perl scripts.

Search for U1 snRNA candidates in Saccharomycotina

Among Saccharomycotina species with available genome sequences, 70 gave clear
U1 candidates, all with the canonical ACUUAC basepairing sequence. These included
Alloascoidea hylecoeti (GCA_001600815.1), Ambrosiozyma kashinagacola
(GCA_001599075.1), Ambrosiozyma monospora (GCA_001599995.1), Ascoidea
asiatica (GCA_001600695.1), Ascoidea rubescens DSM 1968 (GCA_001661345.1),
Babjeviella inositovora NRRL Y-12698 (GCF_001661335.1), Brettanomyces anomalus
(GCA_001754015.1), Brettanomyces bruxellensis CBS 2499 (GCA_000340765.1),
Brettanomyces custersianus (GCA_001746385.1), Brettanomyces naardenensis
(GCA_001753995.1), Candida apicola (GCA_001005415.1), Candida
arabinofermentans NRRL YB-2248 (GCA_001661425.1), Candida auris
(GCF_001189475.1), Candida boidinii (GCA_001599335.1), Candida carpophila



(GCA_001599235.1), Candida ethanolica M2 (GCA_001649435.1), Candida glabrata
CBS 138 (GCF_000002545.3), Candida homilentoma (GCA_001599095.1), Candida
infanticola (GCA_001630515.1), Candida succiphila (GCA_001599255.1), Candida
tanzawaensis NRRL Y-17324 (GCA_001661415.1), Candida tenuis ATCC 10573
(GCF_000223465.1), Candida versatilis (GCA_001600375.1), Cyberlindnera fabianii
(GCA_001599195.1), Cyberlindnera jadinii NBRC 0988 (GCA_000328385.1),
Debaryomyces fabryi (GCF_001447935.1), Debaryomyces hansenii CBS767
(GCF_000006445.2), Eremothecium coryli CBS 5749 (GCA_000710315.1),
Geotrichum candidum (GCA_000743665.1), Hyphopichia burtonii NRRL Y-1933
(GCA_001661395.1), Kazachstania naganishii CBS 8797 (GCA_000348985.1),
Komagataella pastoris (GCA_001708105.1), Komagataella phaffii GS115
(GCF_000027005.1), Komagataella phaffii GS115 (GCF_000027005.1), Kuraishia
capsulata CBS 1993 (GCA_000576695.1), Lipomyces starkeyi NRRL Y-11557
(GCA_001661325.1), Meyerozyma caribbica MG20W (GCA_000755205.1),
Meyerozyma guilliermondii ATCC 6260 (GCF_000149425.1), Millerozyma acaciae
(GCA_001600675.1), Millerozyma farinosa CBS 7064 (GCF_000315895.1), Nadsonia
fulvescens var. elongata DSM 6958 (GCA_001661315.1), Nakazawaea peltata
(GCA_001599355.1), Ogataea parapolymorpha DL-1 (GCF_000187245.1), Ogataea
polymorpha (GCF_001664045.1), Pachysolen tannophilus NRRL Y-2460
(GCA_001661245.1), Pichia kudriavzevii (GCA_000764455.1), Pichia
membranifaciens NRRL Y-2026 (GCF_001661235.1), Priccomyces haplophilus
(GCA_001599895.1), Saccharomyces pastorianus CBS 1513 (GCA_000586595.1),
Saccharomycopsis malanga (GCA_001599215.1), Scheffersomyces stipitis CBS 6054
(GCF_000209165.1), Spathaspora arborariae UFMG-19.1A (GCA_000497715.1),
Spathaspora girioi (GCA_001657455.1), Spathaspora gorwiae (GCA_001655765.1),
Spathaspora hagerdaliae (GCA_001655755.1), Spathaspora passalidarum NRRL Y-
27907 (GCF_000223485.1), Sporopachydermia quercuum (GCA_001599295.1),
Starmerella bombicola (GCA_001599315.1), Sugiyamaella lignohabitans
(GCF_001640025.1), Tortispora caseinolytica NRRL Y-17796 (GCA_001661475.1),
Wickerhamia fluorescens (GCA_001599155.1), Wickerhamiella domercqiae
(GCA_001599275.1), Wickerhamomyces anomalus NRRL Y-366-8
(GCF_001661255.1), Wickerhamomyces ciferrii (GCF_000313485.1), Yarrowia
deformans (GCA_001600075.1), Yarrowia keelungensis (GCA_001600195.1),
Yarrowia lipolytica CLIB122 (GCF_000002525.2), Yarrowia sp. JCM 30694
(GCA_001600515.1), Yarrowia sp. JCM 30695 (GCA_001602355.1), and Yarrowia sp.
JCM 30696 (GCA_001600535.1).

Branchpoint analysis

To find branchpoints, branchpoints for 100 introns for each species were identified
by hand, and a position weight matrix (PWM) built for these branchpoints, and the
fraction of scored branchpoints falling at various positions relative to the 3’ splice
site tallied. These matrices were then used to provide a score for each adenine
nucleotide within the last 30 nts of each intron, and the adenine with the largest
score chosen as the predicted branchpoint. This approach was used to predict
branchpoints for an additional 100 introns, which were also predicted manually.



The automated and manual predictions corresponded well for E. histolytica, E.
moshkovskii and E. invadens (greater variation in branchpoint position in the other
Entamoeba species, coupled with the high rate of branch-point-like motifs in these
AT-rich species (e.g.,, ATTAAT), thwarted confident determination of branchpoints
in these two species. For Figure 6, branchpoint scores were normalized to a value
from 0 to 1, where 1 represents the maximum possible score (for both E. histolytica
and E. moshkovskii, this was for the motif ATTAAT, where the underline indicates
the branchpoint A) and 0 the minimum possible score (for both species, for the
motif CGGGCGC). Randomization tests were run by novel Perl scripts by selecting
random subsets of the entire set of introns and comparing this to the real observed
subset.

Spliceosomal protein searches

Spliceosomal protein searches were performed on proteome assemblies available
from NCBI and UniProt. A list of relevant human spliceosomal proteins was used as
queries in local BLASTp (version 2.9.0+) searches against independent proteome
databases (initial e-value threshold of 10-¢) (54). The results from the BLAST
searches were further screened by analyzing domain content (HMMsearch, HMMer
3.1b2 - default parameters), size comparisons against human protein sequence
length (within 25% variation), and reciprocal best-hit BLAST searches (RBH) to the
query proteome (55-57). To avoid bias in protein domain content, domains used for
HMM searches were defined as in Hudson et al. (26). Briefly, a conserved set of
domains for each spliceosomal protein was assembled by using only those domains
present in all three of the human, yeast, and Arabidopsis orthologs. Fungal ortholog
candidates in this study were scored and awarded a confidence value of 0-9 based
on passing the above criteria. Scores were calculated by starting at 9 and penalizing
candidates for falling outside of the expected size range (-1 point), missing HMM
domain calls (-2 points), and failing to strictly pass RBH (-5 points). A more
“relaxed” RBH protocol was used and proteins that found reciprocal hits in the top
three candidates started at a score of 4 and were reduced due to HMM and size
penalties as above. Finally, ortholog candidates that only had initial BLAST hits but
failed all other tests were assigned a score of 0.5 to differentiate them from queries
with no BLAST results. Only ortholog candidates receiving a score of 9 were used
for spliceosome protein counts and percentage calculations. The curated subset of
the protein list is representative of highly-studied protein factors.
Presence/absence scores for each protein in each species are shown in
Supplemental Table 1.

Results

Atypical donor splice sites and constrained branchpoint structures are common
features of Entamoeba species.



A previous study reported that Entamoeba histolytica shows an atypical donor splice
site in which both +3 and +4 sites show atypical nucleotides (GUUUGU, as opposed
to the GUAAGU consensus most commonly found among eukaryotes; Davis et al.
2007). To explore this pattern further, we downloaded full genomic sequences for
all 5 Entamoeba species for which genomes have been sequenced and studied donor
splice sites at confident intron positions (Figure 1a,b; see Materials and Methods).
All five species exhibited the atypical GUUUGU splice site previously reported for E.
histolytica. Between 87.9 and 89.5% of introns exhibit a GUUUGU donor site and
between 96.9% and 98.5% exhibit GUUUGN, making Entamoeba among the
eukaryotes with the strictest splicing signals. In addition, all 5 species exhibited a
strong preference for a U at the 7t position (77.7-83.1% of introns across species
exhibiting a 7U), a position for which most characterized species do not show a
strong preference (Figure 1a (9)). Thus all characterized species within the genus
Entamoeba share a preference for an atypical GUUUGUU donor splice site. Notably,
this atypical GUUUGU motif could potentially allow for increased basepairing with
the U6 snRNA'’s basepairing region, in which the sequence 5’-ACAGA-3’ basepairs
with positions 2-6 of the 5’ splice site (i.e., GUUUGU in Entamoeba; note that
Entamoeba retains the typical ACAGA U6 motif (27)).

Interestingly, the sequence logo for the most distantly-related of the five species, E.
invadens, showed clear nucleotide preference for a TNA motif near the beginning 10
nucleotides upstream of the 3’ splice site (Figure 1c). Scrutiny of individual
sequences revealed a clear AYTRAY pattern, which is the canonical branch point
sequence (Figure 1d). Introns that did not contain a candidate motif at the exact site
typically revealed a putative branchpoint motif at a nearby site (almost always one
or two nucleotides upstream (Figure 1d)). Out of 904 E. invadens introns at
positions of conserved protein alignment, 98% had a TNA either 10 nts (81.2%) or
11 nts (16.8%) away from the 3’ splice site, and 16/18 remaining introns had a TNA
either 9 or 12 nts away. The putative branchpoint motif matched the consensus
AYURAY at 5 or 6 out of 6 positions for 87.6% of introns. Alignment of these motifs
(both at the most common and neighboring sites) reveals the overall branchpoint
motif shown in Figure 1e. Thus, E. invadens shows a strong conservation of the
branchpoint position along the intronic sequence, as previous observed in several
other highly transformed spliceosomal systems including diplomonads,
parabasalids and some yeasts within Saccharomycotina (2,23-24,58-59). Scrutiny
of 3’ regions of intronic sequences from other Entamoeba species also revealed
candidate branchpoint motifs for large numbers of introns, albeit with more
positional flexibility (e.g., Figure 1f). Notably, whereas the clear preference for a
branchpoint position of -8 nts in E. invadens makes identification of putative
branchpoint motifs straightforward, the greater flexibility in other Entamoeba
species coupled to the low sequence complexity of both the motif (many putative
branchpoint motifs are AUUAAU) as well as the intron sequences in general (76-
83% A/U) means that branchpoint-like motifs occur by chance frequently in an
intron, complicating confident identification of a single candidate branchpoint per
intron.



Development of a modified search protocol to search for atypical U1 snRNA genes

In order to search for U1 snRNAs while allowing for the possibility of atypical
basepairing regions, we used Infernal (53) to search genomes for candidate U1
sequences using a modified profile file to allow for flexibility specifically at the
positions of the U1 snRNA that basepair with the +3 and +4 positions of the intron
(see Materials and Methods). In order to test the sensitivity of this method, we
generated a test file containing both the observed ‘standard’ U1 snRNAs reported
for a wide variety of species (all sequences reported in (27)) as well as variants of
these sequences modified in silico to provide a variety of sequences within the
basepairing region. Running the modified protocol on these sequences showed
identical sensitivity to the standard and modified snRNAs, giving identical scores for
the corresponding standard/modified pairs, indicating success of the method in
allowing for a diversity of sequences at the basepairing site (data not shown).

Identification of an atypical U1 snRNA in Entamoeba

We used this modified pipeline to search for candidate U1 snRNA genes in the
genomes of five Entamoeba species. For each species this search revealed a single
sequence exhibiting the core characteristics of a U1 snRNA, including a secondary
structure consisting of four stem-loop (SL) structures, with putative binding sites
for the 70k and Ula proteins in SL I and I, respectively, and a strong candidate SM
binding site between SLs IIl and IV (Figure 2a,b). The candidate U1 snRNA genes for
each of the five species show a modification at the basepairing site, with the
sequence ACAAAC observed in place of the canonical ACUUAC. Notably, this
sequence provides exact Watson-Crick basepairing potential with the modified
Entamoeba donor site GUUUGU (Figure 2a,b). In all five species, the preceding base
is also an ‘A’ (AACAAAC), potentially allowing for perfect basepairing with the
extended donor site GUUUGUU. Interestingly, significant differences in the
structures and lengths of SL III and IV were observed between species, with E.
moshkovskii showing transformed sequences relative to the other four species
(insets in Figure 2a). Atthe deepest divergences within the genus, even more
substantial differences were observed, with E. invadens U1 sequence differing from
that of the other species at a large number of sites. For instance, 6/20 bases in the
stem of SL I are different, with all changes maintaining basepairing potential, and
17/31 sites in the stem of SL II are different, including differences involving the
identities of pairing partners (grey basepairs in Figure 2b). Notably, for all five
species, the upstream sequence is highly A-rich (Figure 2c), as is found for other
spliceosomal snRNAs in this genus (Figure 2d), a common feature of Pol III
promoters.

These atypical motifs in the U1 snRNA and 5’ splice sites suggested the possibility of
an altered mechanism for 5’ splice site recognition in Entamoeba. Interestingly,
BLASTP searches of core U1 snRNP proteins from humans against Entamoeba
species identified candidates for most proteins (data not shown), but did not
identify a candidate for Ulc, the protein responsible for 5’ splice site recognition in



studied eukaryotes (60). Further searches relying on homologs from other species
from within amoebozoans identified a potential highly diverged U1lc candidates,
which is much shorter than most known Ulc proteins (96 amino acids compared to
>150 for most species), and which shows a number of changes at conserved amino
acid sites since the divergence from the related species Mastigamoeba balamuthi
(Figure 2e). For instance, the observed sequences require a minimum of 39 changes
at highly-conserved sites within this single genus, compared to 25 across the rest of
surveyed amoebozoans (and none within M. balamuthi over the same time.
Interestingly the blast searches did identify a clear candidate for NAM8/TIA-1 (data
not shown), a protein involved in splicing of splicing of introns with nonconsensus
5’ splice sites, which might have been expected to be dispensable in organisms with
such strict adherence to the 5’ splice site consensus 5’ motif.

Complementary U1 snRNA and donor site a related intron-rich amoeba with a
different atypical donor splice site.

To trace the evolutionary history of the Entamoeba U1 snRNA, we also searched for
candidate Uls in the genome of Mastigamoeba balamuthi, the one non-Entamoeba
species within the large group Archamoeba for which a genome is available.
Available gene structures suggest a much higher intron density (2.5 introns per
gene), suggesting that massive intron loss occurred in the ancestor of Entamoeba
following divergence from Mastigamoeba. Again allowing for flexibility at the
basepairing sites, this search revealed a clear U1 candidate in this species. Again,
this species exhibited classical hallmarks of a U1 snRNA (Figure 3a). However, this
sequence showed neither the classical sequence nor the Entamoeba variant but a
third variant, ACGUAC, which would provide Watson-Crick basepairing with
GUACGU.

Genome-wide intron-exon structures of M. balamuthi are not yet available to our
knowledge. However, blat searches of available EST sequences from this species
revealed a number of splicing events. Interestingly, donor sites for the identified
introns showed a clear preference for a different sequence GUGCGC (Figure 3a).
This sequence provides Watson-Crick basepairing for the modified site in the U1
snRNA (4C basepairing with the atypical U1 ‘G’), as well as wobble basepairing at
the neighboring site (3G pairing with the standard U in the U1 snRNA). Notably, the
atypical 6C of donor splice sites does not provide canonical basepairing potential
with the typical A nucleotide found at the potential pairing site for either the
standard U1 sequence or for the M. balamuthi U1 site. In addition, unlike
Entamoeba, no potential for extended basepairing is observed (Figure 3a).

Search for U1 snRNAs in species with atypical donor splice sites

Including Entamoeba, there are six known lineages in which intron-exon structures
have independently been transformed by both massive intron loss and evolution of
a preferred donor site that does not provide standard basepairing with the classic
U1 snRNA sequence. U1l snRNAs have been reported for representatives of four of
these lineages: Giardia intestinalis (a diplomonad), Trichomonas vaginalis (a



parabasalid) and S. cerevisiae and some relatives (saccharomycotina), and now
Entamoeba (28-31).

To characterize U1 snRNAs in these intriguing lineages, we used the modified
protocol described above to search for U1 snRNA genes. First, we searched fora U1l
snRNA sequence in the genome of Thecamonas trahens, a representative of the
poorly-studied eukaryotic group Apusozoa, which exhibits a preference for C at the
4th intronic position (Figure 3b). This search revealed a single strong U1 snRNA
candidate with the standard basepairing sequence, indicating lack of a
complementary change in the U1 (Figure 3b). Similarly, we performed searches
against five available representatives of Mammieles, a group of green algae which
exhibit a preference for GYGCGY donor sites across most of their genome (Figure 3c;
although the presence of very different splicing signals for one atypical chromosome
in this species complicates this classification (61)). Again, for all five species for
which a candidate was identified, the single strong candidate exhibited the standard
basepairing region, indicating lack of compensatory changes in the U1 snRNA.
Figure 3c shows the obtained sequence for one of the five, Micromonas pusilla
CCMP1545.

Saccharomycotina yeasts are a group which includes the baker’s yeast S. cerevisiae,
many of which have a clear preference for +4U in their donor sites. This group
includes more than 100 species with available genomes, allowing an unprecedented
opportunity to search for transformed U1 snRNAs. Searches of these genomes using
the modified protocol yielded 69 species with candidate U1 snRNA sequences.
Notably, all 69 species show U1 snRNA candidates with the standard pairing (as in S.
cerevisiae); none showed a candidate with specifically modified basepairing region
to provide standard basepairing with the modified GUAUGU donor site (the list of
species is given in Materials and Methods).

Characterization of spliccosomal proteomes in Entamoeba and other Amoebozoans

Given the surprising transformation of a core snRNA and previous evidence for an
association between intron density and the complexity of the spliceosome, we next
sought to characterize the spliceosomal machinery across Entamoeba. We
combined information on ancient spliceosomal proteins with factors known to
associate with the E. histolytica spliceosome from a previous mass spectrometry
study to compile a list of putative spliceosomal factors. We used sensitive methods
to detect homologs of these proteins in each genome in order to characterize the
complement of spliceosomal proteins in Entamoeba and other Amoebozoans.

The five Entamoeba species in this study showed a markedly reduced set of
spliceosomal proteins (Figure 4, Supplemental Table 1). Reductions in protein
counts occurred in all particles. Interestingly, the smallest amount of change was
recorded in most core snRNP-associated protein classes (namely U2, U4/U6,
U4/U6.U5 tri-snRNP, and U5 structures). Interestingly, U1l proteins did not show
particular conservation; however it is difficult to ascertain whether this reflects



faster evolution of U1 proteins due to changes in U1 function, generally faster
evolution of this non-catalytic snRNP, or simply stochastic fluctuation given the
generally small number of U1 proteins. The patterns of Entamoeba protein losses
are shared between the species with no clear differences between the organisms.
These patterns, however, when solely looking at protein conservation/ loss, do
mirror patterns observed in the reduced spliceosome of Saccharomyces cerevisiae.

Ongoing intron loss and lineage-specific intron gain in Entamoeba

In order to better understand the history of splicing in Entamoeba, we sought to
study intron loss and gain among the five species within the genus with available
genomes. Putative orthologs were identified between the five species and available
outgroup species and standard methods used to reconstruct intron loss and gain in
the history of the genus (Figure 5a (17-18)). This produced a dataset of 1025
unique intron positions within 2344.1 kb of conserved coding regions in 3043 sets
of orthologs. Within ingroups, this reconstruction showed a clear excess of intron
losses over gains, as has previously been found for various other groups of
eukaryotes (17-18, 38-44, 62-63). Interestingly, this analysis also revealed a large
number of introns that were specific to the most distantly related species, E.
invadens (Figure 5a).

In order to determine whether these E. invadens-specific intron positions reflected
intron loss or intron gain, we then performed way comparisons between E.
invadens, E. histolytica and two outgroup species, the Amoebozoan slime mold
Polysphondylium pallidum and the animal Nematostella vectensis (chosen because of
its highly ancestral complement of intron positions (64)). This produced a dataset
of 1796 unique intron positions (including 75 in one or both Entamoeba species)
within 188.2 kb of conserved coding regions in 598 sets of orthologs. These
comparisons revealed that, whereas many of the intron positions shared across the
genus are also represented in outgroups, introns found in E. invadens but not other
Entamoeba species were not represented in outgroups (Figure 5b). This is just as
expected if the E. invadens-specific introns represent intron gains in that lineage
(rather than losses in other Entamoeba species). We used a previous method to
reconstruct intron loss and gain in the history of Entamoeba (17-18), revealing
substantial loss in various branches within the genus as well as in the ancestor of
the genus, as well as substantial intron gain in E. invadens (Figure 5b).

No evidence for preferential loss of introns with suboptimal splicing signals.

We next sought to test whether introns with putatively suboptimal splicing signals
were more likely to be lost, as previously proposed (32). To maximize the number
of observed changes, we generated a dataset of intron positions at conserved coding
positions, including 1623 unique intron positions within 3432.6 kb of conserved
coding regions in 4433 ortholog sets. This included 37 putative intron losses in E.
histolytica (those present in E. moshkovskii and E. invadens), 10 putative intron
losses in E. moshkovskii (present in E. histolytica and E. invadens), and 187 losses in



E. invadens (those present in E. histolytica and E. moshkovskii, which are likely to be
losses in E. invadens, given the lack of evidence for intron gain in the E. histolytica/E.
moshkovskii branch(es) of the tree (Figure 5b). To compare introns lost and
retained in E. histolytica, we used sequences of introns at the homologous position
in E. moshkovskii, and vice versa. For E. invadens we used sequences from E.
histolytica. For each comparison, lost introns were compared with 100,000 subsets
of introns equal size generated from random sampling from all introns (lost plus
retained) for that branch (see Methods for details).

First, we compared the fraction of lost introns exhibiting the putatively optimal 5’
splice site with random subsets. For instance, for 29 out of the 37 introns lost in E.
histolytica, the E. moshkovskii intron position at the homologous position contained
the full GUUUGUU 5’ splice site. Among 100,000 random subsets of 37 introns
drawn from all 689 E. moshkovskii introns in the set (those either retained and lost
in E. histolytica), 77786 had at least 29 or fewer introns with the full splice site
motif, thus for the test of whether introns with suboptimal extended 5’ splice site
motifs are more likely to be lost, P = 0.78 (top, Figure 6a). The analogous test was
performed for the core GUUUGU splice site (P = 0.90, top, Figure 6b). These tests
were performed for all three lineages as well as for the total across lineages (Figure
6a,b). For 6/8 comparisons, lost introns had a (non-significantly) larger fraction of
introns with the putative optimal splice site, opposite the prediction of preferential
loss of suboptimal introns. In no case was the comparison statistically significant in
either direction. Second, to compare the average adherence to the branchpoint
motif (as evaluated by a PWM branchpoint score, see Methods) for lost and retained
introns, we compared the average branchpoint score for lost introns with 100,000
random subsets of all introns (Figure 6¢). None of the four comparisons were close
to statistically significant, with P-values ranging from 0.22-0.58. Thus we found no
evidence for preferential loss of introns with suboptimal splicing motifs.

Gained introns in E. invadens show strong similarity of splicing signals to ancestral
introns

We next searched putative intron gains in E. invadens for the presence of distinctive
signatures predicted by different reported and proposed mechanisms of intron gain
(see Discussion). E. invadens introns in conserved coding regions were divided into
potential intron gains and likely ancestral introns based on whether introns were
found at that position in other Entamoeba species. We first tested whether there
was evidence for clearly recognizable sequence homology between introns by
performing BLASTN searches between potential intron gains. This BLAST search
returned no promising candidates for between-intron homology. We next sought
evidence for greater similarity between the regions spanning the 5’ and 3’ intron
boundaries for potential intron gains, as is predicted by intron gain mechanisms
that involve formation of staggered double stranded breaks (35,62). We did slightly
greater similarity between 5’ and 3’ boundaries for potential intron gains, however
this was entirely explained by potential intron gains having a greater tendency to
have the optimal guanine nucleotide at the exonic bases directly before (30.7% v.



18.6%; P < 0.01 by a chi-square test) and after (29.7% v. 19.5; P < 0.01) the intron.
This greater adherence to the optimal splicing context for newly-gained introns has
been found previously (65-66). Finally, we tested the degree of adherence of the
potential intron gains to the general consensus sequence. Putative intron gains
were not more likely to exhibit the core splice site GUUUGU (92.1v 91.7%; P> 0.1
by a chi-square test), but were more likely to exhibit the extended GUUUGUU splice
sites (73.3% v 66.4%; P = 0.03 by a chi-square test). No difference was found in the
fraction of introns with a branchpoint at the preferred -8 position (80.3% for
putative gains versus 81.9% for putative ancestral introns, P > 0.1 by a chi-square
test), nor in the adherence to branchpoint score, as evaluated by a PWM approach (P
> 0.1 by randomization).

Discussion

Model organisms’ power to elucidate general biological processes arises from the
shared evolutionary ancestry of all organisms. However, evolutionary history is a
double-edged sword, with lineage-specific changes limiting the general applicability
of the mechanisms elucidated in model organisms. Distinguishing shared features
of organisms from differentiated ones is a challenge, as is determining the ancestral
(and thus perhaps more general) state. The study of the spliceosomal splicing is a
case in point. On the one hand, remarkable progress has been made in
understanding spliceosomal mechanisms in the yeast S. cerevisiae, much of which
knowledge appears to apply quite well across a diversity of eukaryotes (e.g., (25)).
On the other hand, comparative genomics of eukaryotes has revealed striking
differences in the recognition of signals across species (e.g., (9,23,67). Given the
centrality of S. cerevisiae for our understanding of splicing, observed qualitative
general differences in splicing recognition signals between S. cerevisiae and most
other eukaryotes are of particular importance. However, in the absence of a general
framework for understanding these differences, it is challenging and arduous to
identify and interpret the relevant differences in the splicing machinery and splicing
signals.

15 years ago, Manuel Irimia spearheaded the first project to our knowledge offering
a general approach to these differences. Studying splice signals across the diversity
of eukaryotic lineages then available, we found evidence for evolutionary
convergence of splicing signals that was unexpected, striking and strikingly
predictable (9). Whereas in all species with many introns (humans, S. pombe, etc.)
core splicing motifs were heterogeneous, consistent with intron relying on
dispersed exonic and intronic motifs, in all species with few introns (including S.
cerevisiae), core splicing motifs were homogeneous, consistent with intron
recognition relying heavily on these short core motifs. Placement of these
differences in phylogenetic context indicated that these differences are due to
recurrent independent transformation of those lineages exhibiting few introns and
heavy reliance on core splicing motifs, with order of magnitude intron number
reduction and changes in intron recognition occurring independently in each of



these lineages. The accumulation of genomic data has only underscored this picture,
with lineages with few introns and concentrated splicing motifs emerging from
within a background of more intron-rich species with heterogeneous splicing motifs
(3,24,13-14,29,59,61).

These findings opened two different opportunities to address two very different
larger questions. First, why do splicing mechanisms change in these transformed
lineages? That is, why are changes in intron recognition mechanisms so closely
associated with the genome-wide number or density of substrates? - a question
with general implications for our understanding of biological signaling and the
evolutionary forces acting on genomes. Second, how do splicing mechanisms
change in these lineages? That is, what are the changes in splicing machinery that
lead to the mechanistic changes in recognition, and how can knowledge of these
changes improve our understanding of the differences and similarities in splicing
mechanisms between different species?

To date, study of the evolutionary dynamics or splicing mechanisms in these
transformed lineages has been limited. Analysis of the peculiar case of green algae
from the group Mammieles, which harbor two different types of chromosomes with
very different splicing signals, did not yield evidence for separate spliceosomal
machineries, suggesting against our initial hypothesis of divergent selective
pressures acting on splicing machineries with different numbers of substrates (since
apparently the same machinery is responsible for two sets of introns using very
different splicing signals; Irimia and Roy 2008). Study of the spliceosomal
machinery in lineages with transformed splicing recognition have revealed a variety
of peculiarities of the different lineages, including transformation of peripheral
parts of snRNAs and loss and gain of spliceosomal components, including entire
snRNPs (14,28-29,67). Here we report two studies of the changes in splicing
machinery and evolutionary dynamics underlying changes in recognition machinery
in one transformed lineage, Entamoeba.

Complementary changes in snRNAs and splicing motifs

Complementary changes in interacting biomolecules is a recurrent theme in
molecular and evolutionary biology. Interestingly, previous studies of species with
atypical donor splice sites (in particular with pyrimidines at the 4t position, e.g. ‘4Y’
changes) have mostly revealed typical U1 snRNAs that are thus not complementary
to the most common donor splice site in the genome. For instance, 93% and 100%
of introns in S. cerevisiae and in Giardia lamblia respectively exhibit a 4Y, and yet U1
snRNAs in both species retain the standard 3’-ACUUAC-5’ basepairing site, which is
complementary to the standard GUAAGU (3,27-31). To our knowledge there is only
one previous report of complementary changes of splice sites and U1 snRNAs, in the
slime mold Physarum polycephalum, in which the most common donor splice sites is
GUAUGU and in which reported U1 snRNAs show a complementary change (3’-
ACAUAC-5’). However, further scrutiny of U1 snRNA candidates in this species in



fact shows both standard and modified variants (these results will be presented in
full elsewhere). Thus the case of P. polycephalum seems to be more complex.

In contrast, the current results show two independent cases of compensatory
changes between a core spliceosomal snRNA and its target involving a total of three
total changes in two related lineages (two in Entamoeba and one in Mastigamoeba).
These results demonstrate that lack of complementary changes in other lineages
does not reflect an impossibility of evolutionary change in core snRNA functions.
Interestingly, previous results have suggested but were unable to conclusively
demonstrate the importance for splicing of noncanonical snRNAs and
complementary noncanonical splicing motifs in vertebrates (68,69).

Cause and effect between selection, intron loss and intron transformation

Two hypotheses have been put forward to explain the association of homogeneous
splice boundaries and intron paucity across species. First, the evolution of strict
splicing requirements might lead to selection for loss of non-consensus introns (32).
This hypothesis is of general interest for the general questions of crossing fitness
valleys in evolution, since it posits that strict consensus requirements for splicing
could evolve in the context of large numbers of nonconsensus introns, despite the
fact that this renders introns with nonconsensus boundaries sufficiently costly they
are then driven from the genome by selection. The second hypothesis holds that
intron loss predates the evolution of strict consensus requirements for splicing, and
that intron paucity allows for the evolution of strict consensus requirements, in
ways that are not well understood (9,23).

The ongoing loss of introns from the genomes of Entamoeba species during
relatively short evolutionary times allowed me to test whether nonconsensus
introns are actually more likely to be lost in a lineage with homogenous splicing
signals. We found no evidence that nonconsensus introns are more likely to be lost.
Regardless of whether strict splicing requirements or intron loss occurs first
evolutionarily, this result is somewhat surprising on its face. That most introns
have consensus splice sites indicates that consensus splice sites are strongly favored
by selection (since otherwise mutation would introduce heterogeneity), at least
where they are observed. If consensus boundaries are generally preferred, this
implies that introns with nonconsensus boundaries are more costly than are introns
with consensus boundaries; thus random mutations deleting a nonconsensus intron
should be more likely to succeed than random mutations deleting a consensus
intron.

How can this paradox be resolved? We see two main possibilities. First, in
Entamoeba all introns may be so costly that the difference in cost between
consensus and nonconsensus introns does not substantially change the rate of
evolutionary change. For instance, if nonconsensus boundaries only increase the
cost of an intron by 10%, the probability of fixation of a mutation deleting a
nonconsensus intron will only be roughly 10% higher than one deleting a consensus



intron; evolutionary rates of loss will thus only differ by 10%, which would not
produce significant results in a study such as this one. A second possibility is that
the cost of non-consensus boundaries differs across sites. This could be the case if
inefficient splicing was less costly in some genes (for instance, those with low
expression), or if a substantial fraction of observed non-consensus boundaries
played roles in gene expression regulation through splicing regulation (as seen in S.
cerevisiae (70-71)). Whatever the explanation might be, the finding that
nonconsensus introns are not preferentially lost from a lineage with homogeneous
splice sites is in direct opposition to the predictions of the model of selective intron
loss (32). However, given the small number of intron losses observed in ingroups
in this genus, this result must be regarded as preliminary. Hopefully ongoing study
will reveal species offering larger datasets of intron loss for analysis.

Mechanisms of intron gain

Unexpectedly, comparison of intron positions across a broader diversity of
amoebozoans revealed that a substantial fraction of the spliceosomal introns in E.
invadens have been gained within the history of the genus. Such cases of recent
large-scale gain of introns remain rare in the literature, and are of substantial
interest. Itis of note that substantial intron gain has occurred within the species of
Entamoeba, since this genus exhibits two characteristics argued to be associated
with efficient selection against introns (and thus low rates of intron creation). First,
Lynch and Richardson (32) argued that species with strict requirements for core
motifs (as in Entamoeba) are likely to shed and not accumulate introns, since these
constraints impose increased mutational load on intron-containing alleles. Second,
a variety of authors, arguing from different perspectives, have posited that the
strong differences in intron numbers across species are driven by differences in the
strength or efficiency of selection against introns (e.g., (72-73)). If this is so, then
the same pressures that have driven intron numbers to low levels in organisms such
as Entamoeba should also efficiently prevent the gain of new introns. Instead, intron
gains in E. invadens appear to be abundant, accounting for a substantial fraction of
introns in the genome. This represents the second instance in which a rare episode
of widespread intron gain has been observed in an ancestrally intron-poor lineage
(the other being in Micromonas pusilla (36)). These results are not as expected by
models that rely on differences in selective strength or efficiency across lineages in
determining the striking differences across lineages in genes and genome
structures; instead, these results suggest that the availability of spontaneously
occurring mutations producing changes in gene and genome structures may be a
more important determining factor in the differences in evolutionary trajectory of
genome structures across lineages (39,74).

The characteristics of the recently gained introns reported here provide a puzzle.
On the one hand, the sequences of the recent intron gains show striking adherence
to the strict splicing motifs shared across Entamoeba species, with gained introns
showing equal adherence to consensus 5’ splice sites and branchpoint sequences.
This striking degree of homogeneity is suggestive of a mechanism in which new



introns are created by insertion of sequences already bearing splice site motifs.
However, both proposed models that predict the presence of extended splicing
motifs in new introns - insertion of transposable elements bearing splice site motifs
(34,36-37) and movement of introns within the genome (75) - predict extended
sequence similarity between introns in the genome, which is not observed here.
Thus, if the extended splicing motifs observed in these newly-gained introns date to
the origins of the introns, other parts of the introns must have since undergone
substantial change to obscure the introns’ origins. On the other hand, if these
introns were by and large created from sequences that were previously not
associated with introns and thus not expected to bear extended motifs (e.g., (36,76-
77)), these introns must have rapidly acquired these extended motifs. This requires
reconciling the fixation of the initial intron-containing alleles, which would have had
to be efficiently spliced despite lacking the extended splicing signals, with strong
selection for the acquisition of these signals, presumably based on requirements for
splicing efficiency. In total, then, the sequences of newly gained introns in E.
invadens suggest rapid and complex evolution of recently created introns (35).
Genomic sequencing of closer relatives of E. invadens could help to illuminate this
intriguing case.

Concluding remarks

These results expand our understanding of the dynamics by which eukaryotic
genomes are transformed, the diversity of intron recognition machinery across
eukaryotes, and the mechanisms by which introns are transformed. They also point
to opportunities to bridge the gaps between the large literature on the mechanisms
of splicing and the smaller but substantial literature on the comparative genomics of
intron-exon structures across eukaryotes. A particularly profitable avenue of
research may be comparative analyses of spliceosomal machinery in order to
identify convergent changes taking place in the various transformed lineages, as
these may pinpoint mechanistically important differences of the S. cerevisiae
spliceosome from that of many other important eukaryotic species. Conceivably,
such differences could provide targets for clinical interventions targeting the
mechanistic differences in intron recognition between most eukaryotes and several
parasites which exhibit transformed intron recognition - for instance
Cryptosporidium, Candida, Giardia, Trichomonas and microsporidians.
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Figure 1. Core splicing motifs in Entamoeba species show a high degree of
homogeneity. A. Introns in E. histolytica show a highly conserved atypical extended
donor splice site, with atypical usage of uracil at the 3rd and 4t intronic position and
clear preference for uracil at the 7th intronic position as well. B. Percentage of all
confident introns with various splice boundaries for five species of Entamoeba,
showing a clear preference for all species (i/m/d/n/h indicates E.
invadens/moshkovskii/dispar/nuttalli/histolytica). C. Splicing motifs for E. invadens,
showing a strong preference for branchpoint position eight nucleotides before the 3’
splice site. D. 3’ sequences for a randomly chosen subset of E. invadens introns,
showing sequences and positions of branchpoints. E.F. Branchpoint motifs
(bracket) and surrounding sequence for predicted branchpoints in E. invadens (E)
and E. histolytica (F). G. Relative positions for predicted branchpoints relative to
the 3’ splice site for E. histolytica (dotted line), E. moshkovskii (black line) and E.
invadens (gray line).
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Figure 2. Characteristics and contexts of U1 snRNP in Entamoeba. A. U1 snRNA
sequence and predicted secondary structures for Entamoeba species. Sequence
shown represents the consensus sequence between the closely-related species E.
dispar, E. nuttalli and E. histolytica. Boxed sequences represent binding sites for the
5’ splice site (bottom left), 70k, Ula and SM proteins, as indicated. Labels i-iv
indicate stem-loops 1-4. Underlined nucleotides represent sites at which a
transition difference is observed between E. dispar/nuttalli/histolytica (no
transversions are observed). Grey nucleotides indicate sites at which a transition
difference is different between the consensus sequence and E. moshkovskii sequence
(no transversions are observed other than in regions indicated in inset boxes). Inset
boxes indicate variant SL III and SL IV sequences observed in E. moshkovskii. B. U1l
snRNA sequence for E. invadens. Basepair substitutions relative to E.
dispar/nuttalli/histolytica consensus (part A) are shown in gray. Dotted box shows
deletion of a basepair relative to part A. Gray basepairs indicated basepairings
between nonhomologous pairs relative to part A. Boxed single nucleotides



represent positions predicted to undergo basepairing in part A but not in part B. C.
Alignment of genomic regions upstream of U1 snRNA genes in Entamoeba species,
showing extended A-rich regions in all five species. The box indicates the beginning
of the predicted U1 sequence. D. A-rich regions upstream of other predicted
spliceosomal snRNA genes in Entamoeba. Box indicates the beginning of the
predicted snRNA sequences. Sequences shown are from E. invadens. E. A highly-
diverged Ulc candidate in Entamoeba. An alignment of the highly-conserved N
terminal region of Ulc from five Entamoeba species, the relative Mastigamoeba
balamuthi, seven distantly related amoebozoa species, human and Arabdiopsis,
showing that Entamoeba shows a greater degree of deviation (grey boxes) and
lower degree of adherence (black boxes) at strongly conserved amino acid positions
(non-boxed positions indicate evolutionarily variable amino acid sites).
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Figure 3. Splice site motifs and predicted U1 snRNA sequences and structures for
three species with a preference for a pyrimidine (C/U) at the fourth intronic
position. Compensatory change between U1 snRNA and splice site is observed for
the amoebozoan M. balamuthi (A), but not for the prasinophyte M. pusilla
CCMP1545 (B) or the apusomonad T. trahens (C). Splice site motifs for M. pusilla
exclude introns from the AT-rich atypical chromosome (32).
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Figure 4. Reduction of the spliceosome in Entamoeba. The lower solid bar
represents the percentage of select human spliceosomal proteins with putative
orthologs detected in each species, for a curated set of proteins (see Methods and
Supplemental Table 1). The upper segmented bars represent the number of all
human spliceosomal proteins with putative orthologs detected in each species per
spliceosomal group. “Accessory” proteins include cap-binding proteins (CBP),
disassembly proteins, hnRNP, LSm, misc, mRNA, mRNP, RES, Sm, SR, and
Step2Protein groups. Phylogeny based on Kang et al. (78).
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Figure 5. Reconstruction of intron loss and gain in conserved coding regions in the
evolutionary history of Entamoeba, within five species within the genus (A) and
over longer time scales (B). Below each tree, the numbers of intron positions in
conserved coding regions showing presence/absence (1/0) are shown. Unboxed
values on the tree show the fraction of introns estimated to have been present in the
ancestral node that are estimated to have been lost along the corresponding
internal/external branch. Estimated degree of loss along branches without an
indicated value is not significantly different from zero. Boxed value in part B
indicates the fraction of introns in E. invadens estimated to have been gained since
the divergence with E. histolytica.
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Figure 6. Introns with stronger splice sequence motifs are not more likely to be lost.
Comparison of real (vertical black bar) sets of lost introns with 100,000 randomly
chosen subsets (grey histogram) for three species individually and the totals across
species. A,B. Proportion of introns with optimal 5’ splice site for extended
GUUUGUU motif (A) or core GUUUGU motif (B). C. Distribution of average
branchpoint score.



