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Fig. S1. Analysis of HGT flanking genes. Heatmaps indicate the HGT (red (shared)
and yellow (singleton) blocks) and their flanking genes (up to 5). Colors of flanking
genes indicate their origins including blue (eukaryotic genes), purple (prokaryotic
genes), green (no hit except query themselves). Grey color indicate contig ends.
Typel indicates HGT gene(s) that are flanked by eukaryotic genes on both sides.
Type2 indicates HGT gene(s) that are flanked by eukaryotic genes on one side and
species-specific gene on the other side. Type3 indicates HGT gene(s) sitting at the
contig with no flanking genes. Type4 indicates HGT gene(s) that were flanked by a
mixture of eukaryotic genes, species-specific genes and prokaryotic genes. Pie chart
indicates the percentage of each type.
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Fig. S2. Phylogenetic analysis of HGT-derived genes. (A) Tree of prokaryotic-
derived mannuronan C-5-epimerases in brown algae (76 copies). (B) Tree of
prokaryotic-derived polysaccharide lyases (23 copies) in brown algae. (C) Tree of
prokaryotic-derived polysaccharide lyases 120 self-repeat family proteins in
Thalassiosira oceanica. (D) Two important HGT events identified in the polyamine
metabolic pathway in F. clindrus.
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Fig. S3. Composition of CRASH HGTs with respect to how their origins can be
identified. Blue color indicates the traceable origins at species level, red color
indicates traceable origins at phylum level, and green color indicates no clear origin
to be traced back to.
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Fig. S4. Taxonomic distribution of prokaryotes within CRASH lineages. (A)
Distribution that indicates ambiguous HGT origins. These monophyletic groups
(UFboot >85%) comprise CRASH HGTs and two or more different prokaryotic
phyla. The exact prokaryotic donors are unclear at the phylum level. The dark blue
sticks indicate the prokaryotic genes that are the most similar to the HGTs whereas
the green sticks indicate the remaining prokaryote genes in the monophyletic groups.
The vertical lines separate data for different CRASH taxa and the horizontal lines for
different prokaryotic phyla. Each column indicates a monophyletic group (or an
HGT). For better visual appreciation, within each CRASH taxa, the monophyletic
groups are ordered following the prokaryotic phylum associated with the genes the
most similar the HGTs. The prokaryotic phylogeny (left panel) is retrieved from the
NCBI taxonomy database. (B) Distribution that indicates unambiguous HGT origins
at phylum level. These monophyletic groups (UFboot >85%) comprise CRASH
HGTs and two or more genes from the same prokaryotic phylum. The figure is



annotated the same as Fig. S5. (C) Distribution that indicates unambiguous HGT
origins at species level. These monophyletic groups (UFboot >85%) comprise
CRASH HGTs and genes from the same prokaryotic species. The figure is annotated
the same as Fig. S5.



Bacteria Betaproteobacteria-Dechloromonas_agitata. WP_035854790.1
Bacteria Betaproteobacteria-Azospira_oryzae WP_014237116.1

Bacteria Betaproteobacteria-Rhodocyclaceae_bacterium.WP_054620888.1
idatus_ > 015766899.1

Ba

B:
14

teria. Candi
Bacteria.Acidobacteria-Candidatus_Solibacter WP_011683654.1

Bacteria Acidobacteria-Bryobacter_aggregatus WP_031495896.1
acteria. Planctomycetes-Schlesneria_paludicola WP_010586754.1

Bacteria.C) P Sp.WP_063395255.1
Bacteria Cyanabacteria-Prochlorococcus_sp. WP_052042813.1
Bacteria.Cyanobacteria-Prochlorococcus_marinus.WP_075439107.1
Bacteria.Cyanobacteria-Prochlorococcus_marinus.NP_874473.1
Bacteria. Cyanobacteria-Prochiorococcus WP_036916374.1

Bacteria. Cyanobacteria-Synechococcus_sp.WP_043692916
Bacteria.Cyanobacteria-Synechococcus WP_011127203.1
Bacteria.Cyanobacteria-Synechococcus_sp.WP_038553067.1

WP_078232471.1

Bacteria.Cyanobacteria-Candidatus_

Bacteria.Firmicutes-Acetonema_longum.WP_040293867.1
Bacteria.Firmicutes-Sporomusa_malonica. WP_084575682.1

Bacteria Firmicutes-Schwartzia_succinivorans WP_072934241.1

Bacteria Firmicutes-Selenomonas_sp.WP_009438037.1

acteria Firmicutes-Selenomonas_sp.WP_009729428.1

Bacteria Firmicutes-Selenomonas_ruminantium.WP_074573614.1
Bacteria. Firmicutes-Selenomonas_ruminantium WP_075428677.1
Bacteria.Firmicutes-Mitsuokella_multacida. WP_005841692.1
Bacteria. Firmicutes-Selenomonas_ruminantium.WP_074696709.1
Bacteria. Firmicutes-Anaerovibrio_lipolyticus WP_080326095.1
ria Actinobacteria-Mycobacterium_sp. WP_070186508.1
Bacteria Actinobacteria-Mycobacterium_abscessus.WP_005081236.1
Bacteria. ¥ WP_083015580.1
Bacteria.Actinobacteria-Nocardia_cummidelens.WP_063004723.1
Bacteria.Actinobacteria-Skermania_piniformis. WP_066470752.1
Bacteria.Actinobacteria-Mycobacterium_sp.WP_082044938.1

Bacteria.Gammaproteobacteria-Lysobacter_sp..WP_056135453.1

Bac(eria.GammaproleobactenarDyeIIaJapomca WP_019466823. 1
WP

ria
Bacteria. Gammaproleohaclella Lysobaeter WP 055183052 1
10036983. 1
1

Bacteria, urigl
Bacteria Planctomycetes. Planctormyces sp.. WP 07596506
Bacteria.Planctomycetes-Fimbriiglobus_ruber WP_088257616.1

Bacteria. _fuber,WP_088257229.1

1

Bacteria, _sp. WP_05255935L
P_068188438.1

Bacteria

Bacteria.Bacteroidetes-Asinibacterium_sp..WP_051347726.1
Bacteria.Bacteroidetes-Flavihumibacter_sp..WP_039130166. 1
Bacteria.Planctomycetes-Pirellula_staleyi. WP_012913533.1

Bacteria.Ar _

teria
wmpcsu WP_026815952. 1

Bacteria.Bacteroidetes-Chitinophagaceae_bacterium.WP_086103834. 1

Bacteria
Bacteria. Baclermdeles Hymenubacler lerler\us WP 046245854.1
WP_047158398. 1

WP_072261270. 1
1

Archaea.T !
Archaea. m
is_igneus.WP_0137982!

I
L Archaea.
Opisthokonta.Fungi-Talaromyces_atroroseus. XP. 20133503, 1
Opisthokonta.Fungi-Aspergiilus_nomius.XP_015412031.1
Opisthokonta.Fungi-Talaromyces_stipitatus.XP_002487878.1
Opisthokonta.Fungi-Aspergillus_fumigatus.XP_753157.1
Opisthokonta.Fungi-Aspergillus_fischeri.XP_001262197. 1
Opisthokonta.Fungi-Nannizzia_gypsea.XP. 003171153 1
Bacteria. Firmicutes-Dehalobacter_sp..WP_020489870.
Bacteria.Actinobacteria-Nocardiopsis_salina.WP. 0176148181
Bacteria. Actinobacteria-Streptomyces_sp..WP_062754116.1
Bacteria.Actinobacteria-Kitasatospora_sp..WP_049651010. 1
acteria.
Bacteria.Actinobacteria-Cellulomonas_gilvus.WP_013884716. 1
Bacteria Actinobacteria-Streptomyces_sp WP7077062898 1
teria i
Bacteria del ium.WP_038341340.1

WP_030607778.1

WP
aripaludis . WP _012193468.1
59

WP_084067289. 1

Bacteria.Acidobacteria-Terriglobus_saanensis.WP_013569197.1
Bacteria.Acidobacteria-Terriglobus_roseus.WP_041592374.1

Bacteria Alphaproteobacteria-Afifella_pfennigii. WP_026381847.1

Bacteria.Cyanobacteria-Synechococcus_sp..WP_011933604.1
Bacteria.Cyanobacteria-Synechococcus_sp.WP_050752308.1

10 Bacteria. Gammaproteobacteria-marine_gamma WP_007234372.1

Bacteria Gammaproteobacteria-marine_gamma.WP_007228058.1

Bacteria, Bacteroidetes-Winogradskyella_sp. WP_084221642.1
15_sp.WP_063398161.1

Bacteri
Bacteria. Cyanobacteria-Prochlorococcus.WP_052039428.1

3

Bacteria. p
N la_sp..-WP_081960876. 1

WP_072327029. 1
WP_027961231.1

Bacterm

Bacter salinus. WP 01635350, 1-
Bactoria Gammaproteobacteria- Splrlbacler curvatus. WF
Bacteri rubra WP 072009647 1

Bacteria X X

Bacteria p

Rarmrm D ou WP_0!

Bacte 035056021 1

Bacter geltagpsilon- Plesmcysus pacihes, WP 045117449, 1

D0 Bacteria ~sp..WP_077443969. 1
Bacteria

Bacteria.
Bacteria .WP_012825672. T
Bacteria.Planctomycetes-Mariniblastus_fucicola. WP 075081534.1

Bacteria. Cyanobacteria-Chlorogloeopsis_fritschi.WP_016876104.1
Bacteria.C \/’\th’l(‘({‘ﬂ’\ Fischerella_muscicola WP_016860022. 1
Bacteria.Cyanobact yanobacterium_PCC.WP_017323844.
Badtora CynobacioraMasioocoleus. EStarm WP Coreizet0.1
Bacteria. Cyanobacteria-Nostoc_sp. WP_06907284
Bacteria. Cyanobacteria-Alterella_atiantica WP_045053:
Bacterja,Cyanobacteria-Chroococcidiopsis, thermalis. WP (1151 54284.1
0 'Bacteria.Spirochaetes-Leptospira_biflexa. WP, 0123892331
Betera L spira_y
Bacteria. Spirochaetes-Leptospira_meyerl WP 04780155 1
Bacteria Spirochaetes-Leptospira_terpstrae. WP_002975401.1
Bacteria. Lywah'mmr\ -Oscillatoria_acuminata. WP_015147118.1

Bacteria.Chloroflexi-Chloroflexus_sp..WP_028457207.1
Bacteria.Chioroflexi-Chloroflexus_aggregans.WP_015941965.1
Bacteria.Chlorofl WP_012119091. 1
Bacteria. cw ..WP_011956435.1
Bacteria.Chl is. tTchoides- WP (
Bactefia i aralioni-Fexiimen i5oeWe 062777750
o4 Bacteria.Bacteroidetes-Mangrovimonas_sp..WP_053971006. 1

Bacteria.Bacteroidetes-Nonlabens_marinus.WP_0:

Bacteria.Bacteroidetes-Gillisia_limnaea. WP 006988113 1
064197

Bacteria.Bacteroidetes-Emticicia_sp..WP.
Bacteria.Bacteroidetes-Flavobacterium_rivuli. WF’ 020211925 1
Bacteria.Bacteroidetes-Spirosoma_rigui. WP _ 080241132 1

Bacterla. Acidobacteria Bryabacter aggregatus.WP_031495336.1
_Candidatus, Soli

6201. 1

Archaea.
Bacteria

100

_the!
andidatus_Marisp

we 020674583 1
1

Bacteria.Bacteroidetes-Salinimicrobium_terrae.WP_ 029034846 1

Bacteria P_077129583.1
Bacteria.Acidobacteria-Acidobacteriaceae_bacterium.WP_020722247.1
bacter. WP_011688567. 1

168

P_007805098. 1
Bacteria. Gammaproleohactena Nitrococcus_mobilis.WP_040664154.
S WP_034224966. 1

Bacteria.Bacteroidetes-Flavobacterium_xanthum. WP 073355492 1
41496

Bac
Bacteria. Amdubamena Candidatus_Solibacter. WP_01:
Bacteri Ther: mus_ruber.WP_081439941.1
1 WP_048166570. 1

WP ’083052370. 1
P_087440961. 1
1

WP_015591536. 1
WP_068541620. 1

Archaea.Eur

Bacteria.Ther Ther
fi T _ruber.WP_025305681

Bacteria.Aq
Bacteria.

acte
Bacteria.Firmicutes-| Halomelmu(hrlx orenii. WP_012636399. 1

WF‘ 012964402.1

P_015311017. 1

Zét Bacteria.Firmicutes-Ther um 1
4 Bacteria.| ium_|

©

Wi
WP_014553587.1

98[] 85 Bacteria.Fil __sp..WP_054260706. 1
Bacteria. T axanthum.WP_026391032. 1
Bacteria - WP_036935775.1
Bacteria. T motoga_t .\WP_013931534. 1
0.2

Bacteria.
Bacteria.Firmicutes-Paenibacillus_polymyxa.WP O56E20647,
Bacteria.Firmicutes-Paenibacillus._t massmen5|s WP 025679749.1

Bacteria. Firmicutes-Bacillus_firmus.WP_0617913
Bacteria. _zantfioxyli WP 025539410 1
Bacillus_sp..WP_0717441

\/97059777&7 1

Bacteria.

Bacteria. P!

0.8

Fig. S5. Example of HGTs in CRASH species. (A) Maximum likelihood tree of an
ABC transporter ATP-binding protein encoding genes transferred from
Prochlorococcus into Symbiodinium. (B) Maximum likelihood tree of a DUF1254
domain-containing protein encoding gene transferred from Synechococcus into
several haptophytes species. (C) An example of the genus-specific HGTs that are
shared between two Nannochloropsis species (N. oceanica and N. gaditana). (D) An
example of genus-specific HGT that is shared between two Symbiodinium species (S.
kawagutii and S. minutum). Cyanobacteria are shown in blue and other prokaryotic
sequences are in black. CRASH sequences are shown in orange and other eukaryotic

sequences in green.
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Fig. S6. Comparison of gene features between Core and HGT genes. (A) Non-
significant difference in intron length between HGTs and core genes. (B) Conserved
sequence motifs at HGT intron splice sites. (C) Higher exon GC-content in HGTs
than in core genes. (D-M) Sequence statistics in HGTs and Core genes using the
combined 23 CRASH-taxa data. A/T/G/C3s indicate the A/T/G/C content 3rd
position of synonymous codons, respectively. Nc indicates the effective number of
codons, a simple measure of overall codon bias analogous to the effective number of
alleles measure used in population genetics. GC3s indicate G+C content 3rd position
of synonymous codons. L_aa indicate the Length of amino acids. **** indicate P-
value<le-5. (N) Significant weaker codon adaptation index (CAIl) in HGTs than in
core genes. (O) Stronger CBI in core genes than in HGTs. (P) Higher Fop in core
genes than in HGTSs. (Q) Significant correlation between CAIl and gene expression
levels in Chromalveolate. The data from all ~600 Chromalveolate transcriptome data
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were combined. HGT genes and core genes are distinguished by red and blue color
respectively, both show the significant correlation between CAIl and gene expression.
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Fig. S7. Comparison of gene expression between Core and HGT genes. (A) Comparison
of average gene expression levels between core genes and HGT genes among ~200 GO
terms. Each row indicates a GO term. Red colors indicate higher mean expression levels in
core gene than in HGTs (mean value of core genes / mean value of HGT genes >1), and blue
colors indicate the opposite. For each species, all transcriptome data regardless of
experimental conditions were combined. (B) Comparison of the coefficient of variation (CV)
of gene expression across different conditions between core genes and HGT genes among
~200 GO terms pathways. Each row indicates a GO term. Red color indicates higher gene
expression CV in core gene than in HGTs (CVcore/ CVugT > 1), and blue colors indicate the



opposite. (C) Comparison of gene expression specificity (for a given GO term, the ratio of
the genes that unexpressed (defined as TPM <1) in any condition) between core and HGT
genes. Red color indicates a greater portion of non-transcribed gene in core genes than in
HGTs (specificity of core / HGT >1), and blue color indicates the opposite. (D) Comparison
of average gene expression levels between core genes and HGT genes among 28 KEGG
pathways. Each row indicates a KEGG pathway. Red colors indicate higher mean expression
levels in core gene than in HGTs (mean value of core genes / mean value of HGT genes >1),
and blue colors indicate the opposite. (E) Comparison of the Coefficient of Variation (CV:
standard deviation / mean value) for gene expression across different conditions between core
genes and HGT genes among 28 KEGG pathways. Each row indicates a KEGG pathway.
Red colors indicate higher gene expression CV in core gene than in HGTs (CVcore/ CVugT >
1), and blue colors indicate the opposite. (F) Comparison of gene expression specificity (for a
given KEGG pathway, the ratio the genes that unexpressed in any condition, TPM <1)
between core and HGT genes. Red colors indicate a greater portion of genes is not expressed
among core genes than among HGTs (specificity of core / HGT >1), and blue color indicates
the opposite. (G) Comparison of average gene expression levels between core genes and
HGT genes among Pfam terms. Each row indicates a Pfam term. Red colors indicate higher
mean expression levels in core gene than HGTs (mean value of core genes / mean value of
HGT genes >1), and blue colors indicate the opposite. (H) Comparison of the Coefficient of
Variation (CV: standard deviation / mean value) for gene expression across different
conditions between core genes and HGT genes among Pfam terms. Each row indicates a
Pfam term. Red colors indicate higher gene expression CV in core gene than HGTs (CVcore/
CVuar> 1), and blue colors indicate the opposite. (I) Comparison of gene expression
specificity (for a given Pfam term, the ratio the genes that unexpressed in any condition,
TPM <1) between core and HGT genes. Red colors indicate a greater portion of genes is not
expressed among core genes than among HGTs (specificity of core / HGT >1), and blue color
indicates the opposite.
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Fig. S8. Correlation between Ka/Ks, Ks, Ka and CDS local identity. (A) Significant
correlation between Ka/Ks and CDS local identity. Sub-figure in left stand for the combined
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Fig. S9. Split neighbor-nets of CARSH lineages built on functions encoded in host core
genes (left panel) and HGT genes (right panel). Four datasets are presented including those




based on annotation according to SEED database, KEGG database, EGGNOG database, and
IPR2GO database from top to bottom.
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Fig. S10. CAZyme (A) and Transporter (B) distribution and enrichment in HGTs. Note
that the enrichments were due to post-HGT gene duplications and not by preferential transfer
of CAZyme genes.

#Data files S1 to S12.
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