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Utricularia gibba, the humped bladderwort, is a carnivorous plant
that retains a tiny nuclear genome despite at least two rounds of
whole genome duplication (WGD) since common ancestry with
grapevine and other species. We used a third-generation genome
assembly with several complete chromosomes to reconstruct the
two most recent lineage-specific ancestral genomes that led to the
modern U. gibba genome structure. Patterns of subgenome dom-
inance in the most recent WGD, both architectural and transcrip-
tional, are suggestive of allopolyploidization, which may have
generated genomic novelty and led to instantaneous speciation.
Syntenic duplicates retained in polyploid blocks are enriched for
transcription factor functions, whereas gene copies derived from
ongoing tandem duplication events are enriched in metabolic
functions potentially important for a carnivorous plant. Among
these are tandem arrays of cysteine protease genes with trap-
specific expression that evolved within a protein family known
to be useful in the digestion of animal prey. Further enriched func-
tions among tandem duplicates (also with trap-enhanced expres-
sion) include peptide transport (intercellular movement of broken-
down prey proteins), ATPase activities (bladder-trap acidification
and transmembrane nutrient transport), hydrolase and chitinase
activities (breakdown of prey polysaccharides), and cell-wall dy-
namic components possibly associated with active bladder move-
ments. Whereas independently polyploid Arabidopsis syntenic
gene duplicates are similarly enriched for transcriptional regula-
tory activities, Arabidopsis tandems are distinct from those of
U. gibba, while still metabolic and likely reflecting unique adapta-
tions of that species. Taken together, these findings highlight the
special importance of tandem duplications in the adaptive land-
scapes of a carnivorous plant genome.
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he architectural evolution of flowering plant genomes in-

cludes a long history of gene duplication and diversification.
Tandem gene duplication is an ongoing but nonglobal process
that generates coding sequence diversity in eukaryotic genomes
through subfunctionalization or neofunctionalization of gene
copies on an individual basis (1). On the other hand, polyploidy
events provide scores of genomically balanced duplicate genes all
at once, on which divergent selection pressures can act to gen-
erate phenotypic diversity (2, 3). Evidence from available plant
genomes supports the theory that modular, dosage-sensitive
functions such as transcriptional regulation are enriched among
duplicates surviving polyploidy events, whereas single-gene survivors
of local duplication events have the opportunity to be enriched for
dosage responsive functions, such as secondary metabolite pro-
duction (e.g., refs. 4-7). Although it has been repeatedly noted that
polyploidy events correlate with some major plant radiations (2, §,
9), the specific roles that tandem duplicates play in species- or
lineage-specific plant adaptation remain more poorly explored.
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Utricularia gibba is an aquatic carnivorous plant with an un-
usually small but highly dynamic nuclear genome that experi-
enced at least two whole-genome duplication (WGD) events
during its evolutionary history since divergence from grapevine,
tomato, and other species (10). Carnivorous plants are in-
teresting model systems not only for understanding the molec-
ular mechanisms underlying nutrient acquisition strategies, but
also for discovering the regulatory underpinnings of their unique
trapping morphologies. U. gibba is of particular interest given the
previous publication of an ~82-Mb short-read assembly (10),
which revealed that its genome gained and deleted gene dupli-
cates significantly faster than those of other genomes (11). Given
that the U. gibba genome likely descended via considerable
shrinkage from an ancestral genome up to 1.5 Gb in size (12),
duplicates that survived deletion during its evolutionary history
arguably evolved under greater purifying selection pressure
compared with the more expansive genomes of most angio-
sperms. Therefore, we hypothesized that the deletion-prone
genome of U. gibba could be particularly illustrative regarding
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Carnivorous plants capture and digest animal prey for nutrition.
In addition to being carnivorous, the humped bladderwort plant,
Utricularia gibba, has the smallest reliably assembled flowering
plant genome. We generated an updated genome assembly
based on single-molecule sequencing to address questions re-
garding the bladderwort’s genome adaptive landscape. Among
encoded genes, we segregated those that could be confidently
distinguished as having derived from small-scale versus whole-
genome duplication processes and showed that conspicuous ex-
pansions of gene families useful for prey trapping and processing
derived mainly from localized duplication events. Such small-
scale, tandem duplicates are therefore revealed as essential ele-
ments in the bladderwort’s carnivorous adaptation.
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the adaptive legacy of differential duplicate survival following
their two modes of generation, with tandems highlighting aspects
of the carnivorous lifestyle and syntenic duplicates highlighting
transcriptional functions.

To explore this possibility, we generated a highly contiguous
nuclear genome assembly for U. gibba based on Pacific Biosci-
ences (PacBio) Single Molecule, Real-Time (SMRT) technol-
ogy. We used 10 SMRT cells and P6-C4 PacBio chemistry to
produce 521,937 raw and 702,640 filtered subreads with
N50 values of 21,825 and 15,244 bp, respectively. After assembly
with HGAP.3 (13), we produced a genome of 581 contigs with an
N50 of 3,424,836 bp and 101,949,210 total bases (SI Appendix,
Fig. S2). Remarkably, base pair correction using either the
PacBio data or Illumina MiSeq reads from our previous assembly
(10) led to extremely minor improvements, only 0.071% and
0.01% of total bases, respectively (S Appendix, section 1.5). Four
contigs represented complete chromosomes marked on either
end by telomeres, including the longest contig of the assembly at
8,502,017 bp (Fig. 1). Twenty additional contigs had telomere
repeats on one end, the 14 largest being >1 Mb in size (Fig. 1).
Arabidopsis-type telomeric repeats (TTTAGGG) were identified
in these 24 contigs. Two variants, the Chlamydomonas type (14)
(TTTTTAGGG) and TTCAGGG (similar to the variants TTCAGG
and TTTCAGG known from the close carnivorous plant relative
Genlisea) (15), were also found sporadically intermingled with
the Arabidopsis-type telomeric repeats. Ten contigs were observed
to have interstitial telomeric repeats, which were identified by
searching for (CCCTAAA); and (TTTAGGG); within chromo-
somal arms (Fig. 14). After filtration for bacterial and other con-
tamination (SI Appendix, section 1.6), the assembled genome
amounted to 100,688,548 bp (on 518 contigs), including a complete
172,489-bp plastid genome on a single contig and a 283,823-bp
partial mitochondrial genome (SI Appendix, section 1.6.2). There-
fore, our newly assembled nuclear genome gained 18,356,750 bp
from the former assembly size of 81,875,486 bp.

Calculation of the genome space occupied by transposable
elements (TEs) uncovered almost 9 Mb (~8.9%) complete TEs,
with up to 59 Mb (~59%) of the nuclear genome possibly TE-
derived (SI Appendix, Dataset S1); the latter amounted to ~16.6
Mb more TE-related genome space than was found in the pre-
viously published short-read assembly (SI Appendix, section 2.1).
We found that ~2.9 Mb of the genome (on 115 contigs) was
composed of ribosomal DNA repeats (SI Appendix, section 2.2).
Indeed, a syntenic path alignment with the short-read assembly
demonstrated that most of the DNA gained by PacBio se-
quencing contained repeated elements, particularly surrounding
putative centromeres (Fig. 1B and SI Appendix, Figs. S4-S8).

To identify signature centromeric repeats in U. gibba, we se-
lected tandem repeat clusters with average period size of 50—
500 bp for identification as putative centromere repeats (SI
Appendix, Fig. S5B), as described previously (16). The top
10 most abundant tandem repeat clusters were considered prime
candidates for centromeric repeats, but these were not even
preferentially located in our chromosome-sized contigs. We then
manually checked the locations of the next 10 most abundant
tandem repeat clusters in the genome, and found that none of
these clusters showed unique localization in putative centromeric
regions. Therefore, we conclude that U. gibba centromeres are
devoid of high-copy tandem repeat arrays such as those known
from Arabidopsis and maize (16). Similar findings also have been
reported for the centromeres of several plant and animal species
(17-19), including two closely related carnivorous plants, Gen-
lisea hispidula and Genlisea subglabra (15).

Although plant retrotransposon families generally are ran-
domly dispersed, there are families distinctly concentrated in
centromeric regions, such as the CRM centromeric chromovi-
ruses. CRMs, a lineage of Ty3/gypsy retrotransposons, have been
well characterized as centromeric retrotransposons in many
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species (20-25), including G. hispidula and G. subglabra (15).
Using phylogenetic analysis, we found that 55 U. gibba sequences
are grouped within the subgroup A CRMs, which include the
centromere-specific CRMs (SI Appendix, section 3.3.3). All but
one of the U. gibba sequences form a single, monophyletic CRM
subfamily. To investigate the chromosomal localization of the 55
U. gibba CRMs, we plotted them on the complete and near-
complete chromosomes together with the TE and gene model
tracks. As depicted in Fig. 14, most U. gibba CRMs are located
in the putative centromeric regions; however, not all putative
centromeres have CRM elements. It has been proposed that
CRMs may play an important role in stabilizing centromere
structure and maintaining centromere function (26, 27), whereas
an opposing hypothesis holds that they are merely parasitic and
tend to accumulate in recombination-poor centromeric regions
to escape negative selection against insertions in distal regions
(28). Our finding that some putative centromeric regions in
U. gibba lack CRMs or other high-copy centromeric tandem re-
peats suggests that neither CRMs nor tandem repeats are crucial
for maintaining functional centromeres in the species.

Our highly contiguous genome assembly also permitted a
much finer account of protein-coding gene number than pre-
viously available, which amounted to 30,689, 7.7% more than
reported for our short-read assembly (10). Unlike the far shorter
scaffolds from that assembly (10), our largely chromosome-sized
contigs permitted us to conservatively distinguish the WGD-
derived and tandem duplicate portions of U. gibba’s genome
adaptive landscape. In both cases, we were concerned with
duplicates that could still be discerned within their formative
genome structural contexts, not with duplicates that might have
migrated to other chromosomal positions after their generation
via small-scale or WGD events, because such genes could be only
indirectly assigned to one duplicative process versus the other.

Through syntenic analysis using CoGe (29, 30), we were able
to identify 54 syntenic block pairs descending from the most
recent U. gibba WGD event (SI Appendix, Fig. S11). We were
then able to reconstruct the immediate, nine-chromosome pre-
polyploid ancestor of the modern genome, following which nu-
merous large-scale inversion events were required to account for
modern gene order (SI Appendix, section 4.1). Further analysis
permitted deconstruction of this ancestral genome into an ear-
lier, six-chromosome pre-WGD ancestor that existed immedi-
ately before U. gibba’s second most recent polyploidy event (S
Appendix, Fig. S12); however, we could not reconstruct the third
WGD event that was previously described based on visual in-
spection of syntenic dot plots and syntenic depth calculations
(10). Nonetheless, microsynteny analyses did reveal many ex-
amples of eight (or more)-to-one syntenic block relationships
with the Vitis vinifera genome (Fig. 2 and SI Appendix, section
4.5), some of which may include blocks dating to the gamma
hexaploidy event at the base of all core eudicots (31).

We analyzed the duplicate block pairs from the most recent
WGD event to assess the degree of fractionation (gene loss)
experienced by each subgenome following polyploidization (S
Appendix, Fig. S13). This analysis yielded a clear pattern of de-
letion bias characteristic of subgenome dominance inherited
through a polyploidy event (32, 33). Fractionation bias was
matched by both subgenome expression dominance (34) and
fewer single nucleotide polymorphisms on dominant blocks (35,
36) (SI Appendix, section 4.4, Figs. S13 and S14, and Datasets S3
and S4), indicating the influence of stronger purifying selection.
Taken together, these data suggest that the most recent WGD in
U. gibba’s past was an allopolyploidization event resulting from a
broad cross (37), because autopolyploidies are not expected to show
such strong biases; for example, unbiased fractionation has been
discovered in the genomes of poplar, banana, and soybean (37, 38).
Hybridization of two species accompanied by genome doubling can
instantly generate a third species with novel and transcendent
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Fig. 1. A chromosome-scale view of the architecture of the U. gibba genome. (A) Gene density, TE density tracks, telomeres, and the locations of CRM
centromeric retrotransposon sequences are shown for all U. gibba contigs >1 Mb in size. Four complete chromosomal contigs are shown in blue, and partial
chromosomes that have at least one end with telomere sequence are shown in orange. Putative centromeric regions are visible as peaks of increased TE
density and decreased gene density. Most CRMs are localized at putative centromeric regions. (B) MUMmer (82) pairwise dot-plot alignment of contigs 0 and
22, which represent complete chromosomes. Blue and purple dots indicate hits on each DNA strand, respectively. Putative centromeric regions of strong

' 2
A6 (4
r?:k \)"b AL 90
3 o’
/\b?‘ v * Gene

3{?'. R ”w \Mginsity 3
g '
il .

L ]
E'
ey
5
< ’ {) 4 telomere v

4 interstitial telomere v

i ®
o .
%’ l ; i ® full-size CRM with complete RT .
1 @ full-size CRM with incomplete RT *
! ; ® incomplete CRM
| r‘&

utg22

Q" g s ‘- o

% i '.-.:'a"'":

- “ v
5, ath v

D 4 &

2 &

m‘ L) .
| ]
'.E-I .
% e :

o%% .

> &
¥y
A

e

o3 & K - s,
..l, K "l"e-}"*‘? 1-.'}'.. . f:' .

: 4k TR A e &

r 7 SeeetnglE By WAL T, b
of 8 S ."'E:‘..-'{-IJ"‘:‘. We i e oy <]

0 2Mb 3Mb 4Mb 5Mb 6Mb 8Mb

utg0

sequence similarity are apparent as a densely hit square.

phenotypic traits (39). Moreover, the modern U. gibba genome dis-
plays highly heterogeneous patterns of heterozygosity (SI Appendix,
Dataset S4) that do not correlate with the structural limits of syntenic
blocks, suggesting that outcrossing events subsequent to the most
recent WGD were broad, but were not followed by ploidy changes.
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Given the highly clonal nature of aquatic Utricularia species (e.g., refs. 40,
41), this state could represent “frozen” heterozygosity in a particularly
adaptive genotype, such as seen in unisexual hybrid vertebrates (42).
To examine polyploid adaptive genetic features in U. gibba, we
evaluated gene ontology (GO) functional enrichments among
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Fig. 2. Syntenic relationships among V. vinifera, S. lycopersicum, and U. gibba regions containing tandemly duplicated cysteine protease genes. Some parts
of these tandem arrays clearly preexisted in U. gibba's prepolyploid ancestral genomes, with further tandem duplications having occurred since those events,
together increasing functional potential for U. gibba's carnivory. A typical ancestral region in Vitis can be traced to up to three regions in Solanum (through
the latter’s genome triplication) and up to eight regions in U. gibba (where as many as three WGDs are possible). Red connecting lines highlight matching
cysteine proteases in the selected regions; genes otherwise syntenic are shown in gray.

syntenically retained gene duplicates descending from U. gibba’s
lineage-specific WGDs. Duplicates retained following WGD
were mostly enriched for transcriptional regulatory functions (S/
Appendix, Dataset S5). As expected based on earlier studies, very
similar results were obtained for Arabidopsis WGD duplicates
analyzed in the same manner (S Appendix, Dataset S6) (4, 43, 44);
however, comparing the 522 U. gibba WGD duplicates annotated
with the GO “regulation of transcription, DNA-templated” with all
U. gibba genes with this GO revealed no significant enrichment of
any biological process category (S Appendix, Dataset S14). Similar
analysis of Arabidopsis WGD duplicates yielded only one sig-
nificant biological process category, “response to jasmonic acid”
(SI Appendix, Dataset S15), suggesting that in both species,
transcriptional regulatory enrichment is functionally generic.

In contrast to functional enrichments of WGD duplicates,
U. gibba genes filtered out by the blast_to_raw script in the QUOTA-
ALIGN package [https:/github.com/tanghaibao/quota-alignment
(45), included in CoGe SynMap (29, 30)] as tandem dupli-
cates in the modern genome (and thus ignored in syntenic dot
plot comparison) were enriched for many secondary metabolic
functions, including specific functions that could be anticipated
for a carnivorous plant (SI Appendix, Datasets S7 and S8). Ara-
bidopsis tandems discovered in the same manner were similarly
enriched for secondary metabolic activities, as anticipated based
on earlier results (5). However, in many cases the Arabidopsis
activities were entirely different (SI Appendix, Dataset S9).
Among the most significantly enriched categories in U. gibba
was the category “oligopeptide transporter activity,” assigned to
23 members of the OPT gene family (46). Importantly, oligo-
peptide transport was also among the most significantly enriched
functional categories of genes specifically and strongly expressed
in the bladder traps (47), with 13 genes showing 4- to 400-fold
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trap-enhanced transcription (SI Appendix, Dataset S8). Peptide
transporters, which are involved in the plant nitrogen budget,
have been identified as expressed in the trap fluid of the car-
nivorous pitcher plant Nepenthes (48, 49). The Nepenthes gene
identified in that study is, however, a member of the PTR family,
a group itself highlighted among U. gibba tandems by the sig-
nificantly enriched term “dipeptide transporter activity,” wherein
there are 22 family members, including three homologs of the
Arabidopsis nitrate transporter gene NPF5.5 (50); unitig 52.
g17408.t1 and unitig 26.g9035.t1 had >65-fold trap-enhanced
expression (SI Appendix, Dataset S8). Carnivorous plants, blad-
derworts included, typically grow in nitrogen-poor habitats,
where they compensate for deficiencies via prey capture and
uptake of released nitrogen.

Another highly enriched functional category among tandem
duplicates was “ATPase activity, coupled to transmembrane
movement of substances,” comprising 58 genes, mostly ABC
transporters. Proteins encoded by such genes are known from
Nepenthes traps, where they are hypothesized to be responsible
for maintaining trap acidity and various molecular transport
functions (51). Several of these genes show greater than ninefold
trap-specific expression, including unitig 85.g27344.t1, unitig_85.
827345.t1, unitig_750.g28500.t1, and unitig_750.g28501.t1 (SI Appendix,
Dataset S8). Another enriched category was “transmembrane
transport,” which highlighted all of the foregoing genes and
also included eight phosphate transporter genes homologous
to PHTI (52). PHT1 family genes are induced during nutri-
tional phosphate deficiency, a condition characteristic of the car-
nivorous plant lifestyle (53). Of these, unitig 747.g21685.t] and
unitig_747.g21690.t1 showed 2- to 24-fold trap-enhanced expres-
sion (SI Appendix, Dataset S8).
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Another significantly enriched tandem duplicate functional
category was “hydrolase activity, hydrolyzing O-glycosyl com-
pounds.” This GO category included a gene encoding a class III
chitinase (unitig_60.g25630.t1, showing >20-fold trap-enhanced
expression) (SI Appendix, Dataset S8), representing one of the
chitinase families [glycoside hydrolase (GH) family 18] active
within the digestive fluid of both open and closed traps of various
carnivorous plant species. In Nepenthes, the GH family 18 en-
zyme is encoded by a single-copy gene that is up-regulated in
response to prey in both the pitted glands and surrounding tis-
sues (54). Galactosidases and xylosidases (55) are also among the
genes with the hydrolase annotation, and enzymes encoding both
have been identified in the Nepenthes trap fluid proteome (56,
57). Nepenthes and Drosera (carnivorous sundew plant) digestive
mucilage contains galactose and xylose (58), which may require
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breakdown for peptide and other nutrient absorption in U. gibba
traps as well (59). Three xylosidase genes—unitig 62.g23624.t1,
unitig 62.g23625.t1, and unitig_748.g7352.t1—show 4- to 35-fold
trap-enhanced expression (S Appendix, Dataset S8).

The traps of Utricularia operate through an intricate triggering
mechanism (60). High-speed snap-buckling movements (61, 62)
occur following triggered release of negative internal trap pres-
sure achieved by active pumping out of water (63). Prey is
engulfed with the influx of liquid, after which the trap may reset
itself with a new negative pressure potential. This repeating
process likely demands highly dynamic cell-wall changes. Indeed,
the tandems-enriched GO category “cell wall” annotated 17 genes
encoding expansins (64) (none of which, however, showed uni-
formly trap-enriched expression) and 8 genes encoding xylog-
lucan endotransglycosylases (65) (of which unitig 749.g14196.t1 and
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Fig. 3. Molecular and structural evolutionary analysis of U. gibba cysteine proteases suggests adaptive protein evolution accompanying WGD and tandem
duplication events. (A) Best-scoring tree from maximum-likelihood based searches, with bootstrap support (BS) values >50 indicated at branches. Symbols on
branches indicate significant evidence for positive selection (orange stars), divergent selection (green circles), or asymmetrical sequence evolution (purple
hexagons) as determined using PAML (83) (S/ Appendix, Dataset S10). The heatmap above the phylogeny shows trap-dominant expression of particular
homologs in U. gibba, based on trap, shoot, and inflorescence transcriptome data (47) (S/ Appendix, Dataset S2). Note that two tandem duplicates (g1 and g2)
were repredicted at locus utg699.919345. (B) The protein homology surface model for the catalytic domain of utg699.919348 (encoded by the gene an-
notated by an arrow in A; based on the Venus flytrap [D. muscipula] enzyme structure (77)) shows that some residues under positive selection lie within or
near the substrate-binding cleft. The cleft is depicted in yellow, and amino acid sites identified as under positive selection are indicated in red or cyan. Three
(E24, V69, and S160) amino acid sites under positive selection (BEB confidence >0.82, Bonferroni-corrected P < 0.0015) are within five amino acids of known D.
muscipula functional residues, where they line the substrate-binding cleft (red). (C) Plot of utg699.919348 amino acid sites under positive selection, with colors
corresponding to specific sites in the surface model (S/ Appendix, Fig. S4B).
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unitig 26.g9135.t1 showed greater than sixfold trap-enhanced ex-
pression) (SI Appendix, Dataset S8). Seventeen encoded peroxidases
homologous to PRX52, which cross-link cell-wall strengthening
extensins (unitig_26.g8978.t1 and unitig_22.g6605.t1 were >14-fold
trap-enhanced), and 21 encoded polygalacturonases, which de-
grade cell-wall pectin (66) (unitig_8.g3155.t1 and unitig 8.83156.t1
were >fourfold trap-enhanced) (SI Appendix, Dataset S8). Indeed,
members of these protein families have been identified as candi-
dates for involvement in plant mechanical stimulation or movements
(62, 67, 68). Another cell-wall modification-related gene family
under this GO term encoded a group of 19 pectin methylesterases
and their inhibitors (69) (unitig_899.g15179.t1 and unitig 22.g5384.t1
were 2- to 32-fold trap-enhanced) (SI Appendix, Dataset S8). In-
terestingly, a second class of chitinases, the class IV enzymes, was
also highlighted as an expanded gene family under the GO category
“cell wall,” but none of these five genes showed trap-enhanced ex-
pression. Class IV chitinases are defense response proteins that
represent a second family of chitinase (GH family 19) involved in
plant carnivory (70, 71). Finally, four genes encoding p-galactosi-
dases (known from Nepenthes pitcher fluid) (57) appeared under the
same GO category but did not have trap-enhanced expression in
U. gibba. Another expanded GO category, “lipid catabolic process,”
comprised members of various lipase gene families, among them
genes encoding patatin-like and GDSL lipases (unitig_736.g22657.t1,
unitig 37.g12702.t1, unitig_736.g22658.t1, and unitig 37.g12699.t1
showed 35- to 180-fold trap-enhanced expression) (SI Appendix,
Dataset S8). A GDSL lipase likely related to carnivory was iden-
tified in the trap fluid of Nepenthes pitchers (57).

Strikingly, the most significantly enriched GO category among all
tandemly duplicated genes, “senescence-associated vacuole,” pointed
to a specific expansion in one gene family encoding cysteine prote-
ases that had nearly trap-specific expression patterns (SI Appendix,
Datasets S2 and S8). Several other significantly enriched GOs are
associated with this gene family. Cysteine proteases have been
identified as major functional components of Venus flytrap (Dionaea
muscipula) digestive fluid (72), reported in three D. muscipula tran-
scriptomes (70, 73, 74), and structurally annotated for both Cape
sundew (Drosera capensis) draft genome sequences (75, 76) and
D. muscipula (77). We found tandem clusters of homologous protease-
encoding genes in the U. gibba genome that had demonstrably un-
dergone tandem duplication both before and after the most recent
WGD event in U. gibba’s evolutionary history (Fig. 2). These tandem
cysteine protease arrays are assignable to both dominant and re-
cessive subgenomic blocks and are more preserved on the dominant
block, where enhanced purifying selection on gene space is expected
(SI Appendix, Fig. S13). Genome-wide BLAST search revealed that
in general, U. gibba cysteine proteases have become nearly totally
restricted to this single, specific subfamily, clearly indicating that
diverse, related cysteine proteases known from various other species
have become expendable during U. gibba’s genome evolution.

We further examined the cysteine proteases for molecular
evolutionary features (SI Appendix, section 6.1), given that gene
family members would have diversified in sequence and function
to be retained by selection in the dynamically shrinking U. gibba
genome. The alternative would be that the observed duplicates
were extremely recent and functionally redundant; however,
analyses of protein evolution showed this to not be the case,
although tandem duplications did continue following the most
recent WGD event that yielded arrays on contigs 85 and 699
(Fig. 34). Instead, we detected evidence for positive selection
acting on specific amino acid residues in a lineage leading to
several of the U. gibba cysteine protease duplicates (Fig. 34).

. Lynch M (2007) The Origins of Genome Architecture (Sinauer Associates, Sunderland, MA).

. Soltis DE, et al. (2009) Polyploidy and angiosperm diversification. Am J Bot 96:
336-348.

3. Van de Peer Y, Maere S, Meyer A (2009) The evolutionary significance of ancient

genome duplications. Nat Rev Genet 10:725-732.
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When homology modeling these changes onto the D. muscipula
cysteine protease structure (77) (Protein Data Bank ID code
5a24), we found some of these amino acids located within the
substrate-binding cleft, near residues with known functions in
protease activity (Fig. 3 B and C). These substitutions could affect
polarity and charge within the cleft, as well as hydrogen bonding
between residues essential for catalytic activity and the ligand.

SHORT VEGETATIVE PHASE (SVP) MADS box gene
homologs and homologs of the cuticle biosynthesis gene
3-KETOACYL-COA SYNTHASE 6 (KCS6; highlighted by the
significantly enriched GO category among tandems, “wax bio-
synthetic process”) (SI Appendix, Dataset S8) are two additional
cases of tandem duplicate arrays for which some members ex-
hibit trap-enhanced gene expression. Both of these examples
have been described previously, based on simple orthogroup
clustering methods, as generic gene family expansions derived
from unknown duplication mechanisms (11). However, only our
highly contiguous PacBio genome provides the structural context
necessary to discern that these duplicates are tandems. The SVP-
like gene cluster may be involved with flowering phenology, and
the KCS6-like genes may be involved in cuticle buttressing of the
thin, two-celled trap wall (78-80). The SVP-like genes appear to
have diversified anciently, whereas the KCS6-like array occurs in
a region of the genome without internal synteny, so it is likely
more recent than the last U. gibba WGD. Similar to the cysteine
protease clusters, we discovered likely evidence of protein
functional divergence in both of these array types (SI Appendix,
Dataset S10). Also of note, both the cysteine protease and KCS6-
like gene clusters occur within islands of mobile elements (SI
Appendix, section 2.5) annotated as large retrotransposon de-
rivatives (LARDs) (81). Serving as a good illustration of the repeat
discovery power of PacBio sequencing, ~47% of the total TE as-
sembly space comprised LARDs, whereas these elements amoun-
ted to only ~14.6% of TEs in the previous short-read assembly (SI
Appendix, Dataset S1). We hypothesize that LARDs and other
DNA repeats may have facilitated the tandem duplications that
gave rise to metabolic gene arrays, as illustrated in the foregoing
examples. Finally, we hypothesize that such tandem gene clusters
could be coregulated to act in concert, perhaps at particular plant
developmental stages or under particular environmental stimuli.

Taken together, our findings regarding the size-limited
U. gibba genome highlight the important role that tandemly
duplicated genes, under sufficiently substantial purifying selec-
tion to survive continual deletion pressure, may play in the in-
dividualized adaptive genomic architecture of a plant uniquely
adapted for carnivorous morphology and physiology. Although
WGD duplicates are not enriched for such niche-specific func-
tions, polyploidy events clearly potentiated the evolutionary in-
fluence of preexisting tandem arrays.

Materials and Methods

U. gibba material was sourced from Umécuaro municipality, Michoacan,
México, and grown in sterile tissue culture before nuclear DNA extraction.
DNA was sequenced using PacBio SMRT technology and assembled using
HGAP.3. Genome features were then annotated and analyzed using various
bioinformatic tools. GO enrichments were analyzed within different gene
pools. For selected gene families, molecular evolutionary pressures were
evaluated using codon models and likelihood ratio tests. Detailed in-
formation is provided in S/ Appendix.
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