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Abstract The native form of cellulose is a fibrillar
composite of two crystalline phases, the triclinic I, and
monoclinic Iz allomorphs. Allomorph ratios are species-
specific, and this gives rise to natural structural variations
in cellulose crystals. However, the mechanisms contribut-
ing to crystal formation remain unknown. We show that the
two crystalline phases of cellulose are tailored to distinct
structures during different developmental stages of the
tunicate chordate Oikopleura dioica. Larval cellulose
consisting of I, allomorph constitutes the body cuticle fin,
whereas adult cellulose consisting of I allomorph frames a
mucous filter-feeding device, the “house.” Both structures
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are secreted from the epidermis in accordance with the
mutually exclusive expression patterns of two distinct
putative cellulose synthase genes. We discuss a possible
linkage between structural variations of the crystalline
phases of cellulose and the underlying evolutionary
genetics of cellulose biosynthesis.
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Introduction

Appendicularians are abundant pelagic tunicates, and they
employ a unique filter-feeding mechanism that contributes
to the oceanic carbon cycle. They live in a spherical
mucous structure, termed the “house,” that consists of
several chambers, vessels, and filters through which their
undulating tails pump sea water for filtration, enabling the
efficient uptake of a wide range of organic matter as small
as colloidal particles (Fig. la—d, Video S1) [1]. This
bypasses the energy-consuming lower trophic levels in the
marine food web, allowing greater energy extraction [2].
Houses are sequentially rebuilt over the lifetime of the
organism, and the lifelong carbon investment can be up to
3.6 times greater than the body biomass [3]. Additionally,
discarded houses contribute to the vertical ocean carbon
flux, and they are the main component of marine snow
[4].

Because of the unique structure and function of houses,
it has long been thought that no counterparts exist among
other tunicates including ascidians [5]. The body plan of
adult appendicularians is also unique among tunicates;
most tunicates lose the tail during the tadpole larva to
adult metamorphosis, but the tail is retained by
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appendicularians during their biphasic life cycle [6].
Because the tail is a prerequisite for the generation of
functional houses, tailless tunicates could neither con-
struct nor maintain houses. Tunicates are so named
because of the presence of a protective coat surrounding
their epidermis, the tunic, which is constructed out of a
unique form of animal cellulose, and houses are also
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made of a form of cellulose [7]. It is possible that tunics
and houses may arise from a corresponding part of the
progenitor, consistent with the theory of descent with
modification [8]. To test this hypothesis, we examined
cellulosic structures during the development of the oiko-
pleurid appendicularians Oikopleura longicauda and
Oikopleura dioica.
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Fig. 1a—t Possible cellulosic structures of Oikopleura. a—h House.
The filter-feeding house structure is difficult to detect in its natural
state (a, lateral view). Incubation of organisms with carbon particles
allows the visualization of the overall internal structures (b, upper
view) or filtrate meshes (c, lateral view) only (red arrow inlet filter;
yellow arrow food-concentrating filter). d A magnified view of the
inlet filter shows the regular arrangements of rectangular pores (DIC).
e The house is visualized by CBM labeling (green) using confocal
microscopy; nuclei are stained with TO-PRO-3 (red). f, g The
rudimentary house before inflation, or house rudiment, is secreted
from the anterior trunk epidermis (f lateral view; g dorsal view).
h The isolated house rudiment is shown (upper-frontal view). i—o
Scale-like structure. i, j Hexagonal flat cells of the tail epidermis are
shown (i DIC; j CBM labeling). k The exoskeleton-like capsule
consists of hexagonal scale-like structures (featured in yellow, DIC).
1 A single scale-like structure is shown (DIC). m The tail is shown in
cross-section by electron micrograph; scale-like structures show
intracellular localization (green bar scale-like structure, yellow bar
epidermal cell, red bar muscle cell). n, o There is a meshwork within
the scale-like structures (n DIC; o CBM labeling). p—t Larval body
cuticle. p, q The larval body cuticle forms the median fins (yellow
arrow) and a caudal fin (red arrow) (p DIC; q CBM labeling).
r, s Scanning electron micrographs of the larval tail show the median
fins (yellow arrow) contiguous with a caudal fin (red arrow). Note
that many fibrils are aligned anteroposteriorly. t The larval tail is
shown in cross-section by electron micrograph (yellow arrow median
fin, black arrow larval body cuticle). Bar 1 mm (a—c), 100 um (d, f—
h, p, q), 500 pm (e), 20 pm (i—k), 5 pm (1, n, 0), 200 nm (m, t), and
2 pm (r, s). a—e, i—o, r—t: Oikopleura dioica; f—h, p, q: Oikopleura
longicauda

Materials and methods
Animals

Oikopleura dioica was collected near the Seto Marine
Biological Laboratory on the Kii peninsula, Wakayama,
Japan, and cultured in 5-1 beakers with constant stirring at
18°C as described previously [9]. To sample juvenile (days
1-3) and adult (days 4-5) stages, animals were transferred
to plastic dishes, rinsed with artificial sea water (Rohto-
marine, Rei-Sea), and fixed with 4% paraformaldehyde in
0.5 M NaCl, 0.1 M morpholinepropanesulfonic acid (pH
7.5) for 12 h at 4°C. Animals were washed twice with
phosphate-buffered saline containing 0.1% Tween 20
(PBS-T), dehydrated in an ethanol series, and stored in
80% ethanol at —20°C. Unless otherwise indicated, all
washing steps were performed in PBS-T for 10 min at
room temperature. To sample embryonic stages, naturally
spawned eggs from a single female were inseminated in
seawater containing sperm from one or more males. Fer-
tilized eggs were rinsed in artificial seawater, left to
develop at 18°C, and collected at different developmental
stages [6] to be fixed as described above. O. longicauda
was collected near the Misaki Marine Biological Station on
the Miura Peninsula, Kanagawa, Japan, and immediately
fixed as described above. Pyurid ascidian Halocynthia
roretzi and molgulid ascidian Molgula tectiformis were

collected near the International Coastal Research Center on
the Bay of Otsuchi, Iwate, Japan.

Immunochemical visualization of possible
cellulosic structure

Fixed samples were hydrated, incubated in PBS containing
1% blocking reagent (Roche) for 1 h at room temperature,
and incubated, for 12 h at 4°C, in PBS containing 20 mg/ml
cellulose binding domain protein from Clostridium cellu-
lovorans (Sigma), which is placed in carbohydrate-binding
module family 3 in the Carbohydrate Active Enzymes
database (http://www.cazy.org/). After five washes, sam-
ples were incubated in PBS containing 1% blocking
reagent/1 ng/ml anti-cellulose binding domain mouse
antisera (Sigma) for 1 h at room temperature. After six
washes, samples were incubated in PBS containing 1%
blocking reagent/1 ng/ml anti-mouse goat IgG conjugated
with Alexafluor 488 (Invitrogen) for 12 h at 4°C. After
ten washes, samples were counterstained with 1 ng/ml
TO-PRO-3 (Invitrogen) in PBS-T for 20 min at room
temperature. After two washes, samples were mounted on
slides with Vectashield mounting medium (Invitrogen). Ima-
ges were acquired under the LSM510 confocal system (Zeiss).

Electron microscopy

Fixed samples were hydrated, mounted on copper grids
with a carbon support film (NetMesh Lacey Carbon Type-
A, Ted Pella), and rapidly frozen by immersion in liquid
ethane with a rapid freezing device (KF80, Reichert).
Frozen samples were quickly transferred in a vacuum
coating system (Auto 306, Edwards) to be freeze-dried,
sputter-coated with platinum, and observed under a high-
resolution field emission-scanning electron microscope
(JSM-6700F, JEOL). For transmission electron microscopy
(TEM), animals were fixed with 2.5% glutaraldehyde,
0.45 M sucrose, 0.1 M cacodylate buffer (pH 7.5) at 4°C
for 2 h; briefly rinsed with the same buffer; post-fixed with
1% osmium tetroxide, 0.1 M cacodylate buffer (pH7.5) at
4°C for 1.5 h; dehydrated in an ethanol series; and
embedded in an epoxy resin. Sections were stained with
uranyl acetate and lead citrate and examined under the
transmission electron microscope JEM-1010 (JEOL).

Electron diffraction

Day 4 animals were transferred to plastic dishes, washed
with fresh seawater, and left to renew their houses. To
avoid contamination, houses were only collected immedi-
ately after inflation. Houses were incubated twice in PBS-T
containing 0.1 mg/ml proteinase K for 36 h at 42°C. After
five washes, samples were rinsed with deionized water and
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mounted on a copper grid. Electron diffraction patterns
were obtained with the JEM2000-EXII transmission elec-
tron microscope (JEOL) under low-dose exposure with the
help of a GATAN 622-0600 image intensifier as described
previously [10]. Larval samples were assessed without
proteinase K treatments.

Fourier transform infrared (FTIR) spectroscopic
microscopy

Sample preparations were performed as for electron beam
diffraction. Infrared spectra were obtained with AutoIM-
AGE FTIR microscope system (Perkin Elmer) as described
previously [11]. Allomorph compositions were estimated
from a calibration curve drawn with algal and tunicate
samples whose allomorph ratios have been verified [10, 12].

Molecular cloning

Total RNAs were isolated from tailbud and day 4 speci-
mens of O. dioica or adult specimens of H. roretzi and
M. tectiformis by the guanidium thiocyanate-acid phenol
method using RNAlater (Ambion) and TRizol reagent
(Invitrogen). First-strand cDNA synthesis was done by
incubating DNase I (Invitrogen)-treated total RNAs with
SuperScript III reverse transcriptase (Invitrogen) and
oligo(dT)12-18 primer following the manufacturer’s
instructions. Degenerate PCR was performed using KOD-
Plus-Ver.2 DNA polymerase (Toyobo) and primers
designed to match amino acid sequences conserved among
known cellulose synthases. Amplicons were subcloned into
pCR-Blunt II TOPO vectors using Zero Blunt PCR Cloning
kit (Invitrogen) and sequenced with BigDye Terminator
sequencing kit (Applied Biosystems). Rapid amplifications
of 5" and 3’ ¢cDNA ends (5’ and 3’ RACE) were performed
using gene-specific primers and SMART RACE cDNA
amplification kit (Clontech). Genomic DNA was isolated
from day 4 specimens of O. dioica using a PureLink
Genomic DNA kit (Invitrogen). Genomic sequences were
PCR amplified, subcloned, and sequenced as described
above. We also used cDNA and genomic DNA libraries of
O. longicauda as PCR templates [13]. The isolated
sequences were used as a query for in silico cloning on
the open database of Norwegian O. dioica at Genoscope
(http://www.genoscope.cns.fr/blat-server/cgi-bin/oikopleura/
webBlat). Molecular phylogenetic analysis was performed
using putative cellulose synthase sequences listed in Data S1
as described previously [14].

Real-time quantitative PCR (qPCR)

RNA isolation and first-strand cDNA synthesis were per-
formed as described above. qPCR was done using Prism

@ Springer

7000 sequence detection system (Applied Biosystems) and
Thunderbird qPCR mix (Toyobo) in a reaction volume of
50 pl. The amount of cDNA templates was empirically
determined in order to fall in the range of standard curve
drawn with control plasmids. After initial denaturation for
1 min at 95°C, 40 cycles of 95°C for 15 s, and 60°C for
30 s were conducted. Ribosomal protein L23 (RbL23) was
used as a normalization control. Reaction products were
verified by agarose gel electrophoresis, subcloning, and
sequencing. Primer sequences and concentrations were as
follows: Od-CesAl (GACCATATTGTTGACGTGCTTC
AG and CTCAGATGCCAGTTGCATATTGTAG; 240
nM), Od-CesA2 (ACTCCGAAAATCTCCAGGAAGTC
and CAACCTGGAACTCAGTGTTATGGT; 220 nM), and
Od-RbL23 (GCCAGAACTCCGAAAGAAGGT and CAC
CGGCGTTATCTTCGAA; 48 nM).

Whole-mount in situ hybridization

Full-length c¢cDNA fragments encoding Od-CesAl or
0Od-CesA2 were PCR amplified with primer pairs containing
either T3 or T7 promoter sequences. PCR products were
column-purified and used as a template for in vitro tran-
scription of sense or antisense RNA probes using T3 or T7
RNA polymerases in the presence of digoxigenin-labeled
UTP (Roche). Fixed specimens were hydrated, washed
twice, and incubated in PBS-T containing 5 pg/ml pro-
teinase K at 37°C (1 min for larvae, 3 min for juvenile, and
5 min for adult samples). After brief washes, samples were
fixed in PBS-T containing 4% paraformaldehyde for 5 min
at room temperature. After three washes, samples were
incubated in prehybridization solution [50% formamide,
5x standard saline citrate (SSC), 5x Denhardt solution
(Nacalai tesque), 1.45 mg/ml yeast tRNA (Invitrogen),
0.1% Triton X-100] for 3 h at 55°C. Samples were
hybridized in prehybridization solution containing 50 ng/
ml RNA probe for 16 h at 53°C. Samples were washed
twice in 50% formamide, 5x SSC, 0.1% Triton X-100 for
15 min at 37°C; twice in 50% formamide, 2x SSC, 0.1%
Triton X-100 for 15 min at 37°C; and twice in 0.5x SSC,
1% blocking reagent, 0.1% Triton X-100 for 15 min at
55°C. After two washes in NTE solution (500 mM NaCl,
10 mM Tris-HCI1, 1 mM EDTA) for 10 min at room tem-
perature, samples were incubated in NTE solution
containing 20 pg/ml RNase A (Invitrogen) for 30 min at
37°C. After four washes, samples were incubated in
blocking solution [PBS-T/10% blocking reagent/5% sheep
serum (Funakoshi)] for 1 h at room temperature, followed
by incubation in blocking solution containing 1 ng/ml anti-
digoxigenin sheep Fab fragments conjugated with alkaline
phosphatase (Roche) for 12 h at 4°C. After ten washes,
samples were washed three times in 0.1 M Tris-HCI
(pH 8.0), 0.1 M NaCl, 50 mM MgCl, for 10 min at room
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temperature. Signal detection was carried out using
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate stock solutions (Roche).

Results and discussion

We performed whole-mount fluorescent immunohisto-
chemistry using carbohydrate binding module protein
(CBM) [15] as a probe, and this enabled the visualization
of possible cellulosic structures: the house, scale-like
structures, and larval body cuticle (Fig. le—t). Rudimentary
houses consisted of extracellular matrices covering the
anterior trunk epidermis, and tail beating inflates the houses
allowing them to attain their functional state (Fig. le—g).
House inflation took less than 1 min, and the structural
framework of a tertiary house likely arises inside the
rudiments during secretion by epidermal cells lining the
rudiments through unknown mechanisms. The house-
secreting cells, which have a large nucleus due to endo-
reduplications [16], were arranged in a species-specific
bilateral pattern that corresponds to the structural organi-
zation of house rudiments (Fig. 1h) [17]. The remaining
portion of the epidermis that covers the posterior trunk and
the tail consisted of hexagonal flat cells that were stained
with CBM (Fig. 1i, j). Alkaline treatment of intact organ-
isms generated an exoskeleton-like capsule consisting of
hexagonal scale-like structures, which were confirmed to
be an intracellular deposition by TEM (Fig. 1k-m). Sub-
sequent acid hydrolysis revealed a monolayer of fine
meshwork embedded in an unknown matrix, and this
meshwork accounted for the observed CBM signals
(Fig. 1n, o). The larval epidermis, not yet differentiated
into the two cell types of the adult stage, is enclosed by a
thin cuticle [6, 18], which was stained with CBM (Fig. 1p,
q). The cuticle formed fins on the dorsal and ventral mid-
lines of the tail, and it was contiguous with the prominent
caudal fin that contains many fibrils extending posteriorly
as observed by FE-SEM and TEM (Fig. 1r-t). A rudi-
mentary caudal fin was detectable in the embryo. It became
elongated after hatching and was lost in a metamorphic
moult prior to the secretion of the first house rudiment.
The CBM used as a probe in these experiments is capable
of binding polysaccharides other than cellulose including
chitin [19], so we confirmed that cellulose occurs in the
examined structures using electron diffraction. The dif-
fractogram obtained from a purified house was of typical
tunicate cellulose: an almost pure Iz allomorph [20], as
identified with 002 spots [7, 10, 21] (Fig. 2a, b). In contrast,
002 spots were absent from the diffractogram of a caudal
fin, wherein almost all diffraction spots were indexed with
the triclinic unit cell of I, allomorph, as exemplified by 103
spots [10, 21] (Fig. 2c, d). The scale-like structures were too

thick to allow for assessment. We confirmed these results
by FTIR microscopy designed for tiny samples [11].
The spectrum obtained from a purified house contained an
absorbance peak specific to Iz allomorph at 3,270 cm™ !,
and the spectrum from a caudal fin contained a I,-specific
peak at 3,240 cm™' [22] (Fig. 2e). The peak assigned to
intrachain hydrogen bonding between O5-H-O3 showed a
spectral shift around 3,340-3,450 cm™! [23], and this lin-
early correlated with the I, allormorph composition
(Fig. 2f). The estimated I, fraction was about 3% for a
purified house versus 93% for a caudal fin, which is among
the highest in nature [12]. Given that allomorph ratios of
native cellulose are species-dependent and constant, the
radical change in the allomorph ratio seen over the course of
the life cycle of Oikopleura is unusual.

To better understand the molecular mechanisms under-
lying the formation of different allomorphs, we isolated
and characterized putative O. dioica homologs of the cel-
lulose synthase gene (CesA) that is the catalytic subunit of
the cellulose-synthesizing membrane protein complexes
termed terminal complexes (TCs) [24, 25]. The genomes of
two ascidian species have been sequenced, and they con-
tain a single CesA locus [14, 26]. However, our degenerate
PCR-based isolation identified two isoforms: Od-CesAl,
encoding 1,257 amino acid residues in nine exons, and
0d-CesA2, encoding 1,251 amino acid residues in ten
exons (Fig. 3a, Fig. S1). These two proteins, exhibiting
68% amino acid identity, contain molecular signatures that
are common to glycosyl transferase family 2 (GT2)
members or specific to CesA subfamily members [14] (Fig.
S1). We examined their spatiotemporal expression patterns
by quantitative real-time PCR (qPCR) and in situ hybrid-
ization (Fig. 3b—m). Expression signals of Od-CesAl were
conspicuous all over the epidermis in late embryonic stages
(Fig. 3c), confined to the posterior trunk epidermis after
hatching (Fig. 3d, e), and almost ceased in juvenile and
adult stages (Fig. 3f). In contrast, expression signals of
Od-CesA2 were faint before hatching (Fig. 3g), but strong
signals were seen in late larval, juvenile, and adult stages,
forming bilateral patterns on the anterior trunk epidermis
(Fig. 3h—m). We observed a variety of bilateral patterns of
Od-CesA2 expression, which might represent snapshots of
different phases of cyclic genetic programs underlying the
repetitive process of house reproductions. Collectively, the
mutually exclusive expression patterns of the two O. dioica
CesA homologs spatiotemporally correspond to the secre-
tion sites of two cellulosic structures made of different
allomorphs.

The Od-CesAs encode a fusion protein of a CesA domain
and a cellulase domain of glycosyl hydrolase family 6
(GH6). Cellulase is important for cellulose biosynthesis in
bacteria and plants [27], but a fusion gene containing CesA
and cellulase is unique to tunicate homologs including three
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Fig. 2a—f Characterization of Oikopleura cellulose. a—d Electron
diffraction. a A bright-field diffraction contrast image of a purified
house shows single fibers in a random orientation and some bundled
fibers (red arrow). b The electron diffraction diagram of a purified
house demonstrates a meridional 002 monoclinic spot indicated with
a red circle. ¢ A bright-field diffraction contrast image of a caudal fin
shows anteroposteriorly aligned fibers. d The electron diffraction
diagram of a caudal fin demonstrates diffraction spots up to 6th layer
lines, showing the highly ordered crystalline nature of cellulose
microfibrils. Two 103 triclinic spots are indicated with red circles.
e, f FTIR microscopy. e FTIR spectra of I,-rich cellulose

and two newly isolated appendicularian and ascidian
homologs, respectively (Fig. S1). Based on this fusion, it
has been argued that the horizontal transfer of a bacterial
CesA gene might have contributed to the establishment of
cellulose biosynthesis in tunicates, the only animals capable
of cellulose biosynthesis [14, 26]. Molecular phylogenetic
analyses of either CesA or GH6 suggest monophyly of
tunicate homologs, within which appendicularian and
ascidian homologs form independent clades (Fig. 4a-b;
Fig. S2A, B). These data support a single origin for tuni-
cate homologs and subsequent gene duplication in the
appendicularian lineage. Duplicated genes successfully
maintained in genomes typically evolve distinct functions
[28], and it remains unclear if this is true for different al-
lomorphs found in Oikopleura cellulose. The ability of
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(a glaucophyte Glaucocystis nostochinearum), Ig-rich cellulose
(b ascidian Halocynthia roretzi), caudal fin (c), and purified house
(d) are shown. Allomorph-specific band positions are indicated with
blue (I,) and red (Ig) lines. Spectral shifts of the peak assigned to
intrachain hydrogen bondings between O5-H-O3 are featured (green).
f There was a linear correlation between the spectral shift and
allomorph composition (R2 = 0.99). I, fractions of standards are as
follows: H. roretzi, 0.01; chlorophyte Boergesenia forbesii, 0.55;
chlorophyte Valonia ventricosa, 0.64; chlorophyte Cladophora sp.,
0.76; and G. nostochinearum, 0.90. Oikopleura samples are featured in
red (purified house) and green (caudal fin). Error bars, s.d., n = 8

appendicularians to synthesize I, allomorph likely arose
from a pre-existing ability to synthesize 15 allomorph, given
that the dominant allomorph of tunicate cellulose is Ig.
Alternatively, the various cellulosic structures of tunicates
might be explained in the context of parallel evolution [29],
wherein an ancestral ability to synthesize cellulose in the
tunicate progenitor was subjected to lineage-specific mod-
ifications to form independent structures (Fig. 4c).

Native cellulose forms a hierarchical structure in which
p-1,4-glucan chains are organized into crystalline fibrillar
composites, with structural variations at any level of
organization, e.g., fibril shape, crystalline size, or crystal-
line phase, all of which influence the physicochemical
properties of the whole structure [30]. Differences between
triclinic and monoclinic units can be attributed to distinct
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A 0d-Cesa1 B
ATG Stop
i m i 1kb
JYYTY A
Od-CesA2
ATG Stop

Fig. 3a-n Putative cellulose synthase genes of Oikopleura dioica.
a Intron-exon structures of Od-CesAl and Od-CesA2. Open box
indicates the coding region of exon, the shaded box the noncoding
region of exon, bar intron, ATG putative start codon of ORF, Stop
stop codon of ORF, shaded triangle molecular signature of glycosyl
transferase family 2, i.e., the D-DxD-D-QxxRW motifs, open triangle
molecular signature of glycosyl hydrolase family 6 [PROSITE
accession number: PS00656 (http://kr.expasy.org/prosite/)]. Detailed
characterizations are given in Fig. S1. b—n Od-CesAl and Od-CesA2
are differentially expressed. b Real-time quantitative PCR expression
profiles are shown. Expression levels are relative to the highest value,
TB for Od-CesAl and Day 4 for Od-CesA2. PCR amplifications were
verified to be cDNA-derived, except Od-CesAl at Day 4 where

Expression level

12 1 0d-CesA1
1.0 { B Oc-CesA2
0.8
0.6
0.4
0.2

[

32 pT T H L1 L2 L3 D1 D4
Developmental stage

amplifications are due to genomic contamination. Developmental
stages are as follows: 32 32 cell embryo, pT pre-tailbud embryo,
T tailbud embryo, H hatched larva, LI larval stage 1, L2 larval stage 2,
L3 larval stage 3, DI 1 day post fertilization adult, D4 4 days post
fertilization adult. Error bars indicate s.d., n = 4. c—f In situ
hybridization profiles of Od-CesAl are shown. ¢ Tailbud embryo.
d Hatched larva. e Larval stage 3. f Day 4 adult (upper panel dorsal
view, lower panel lateral view). g—-m In situ hybridization profiles of
Od-CesA2. g Hatched larva. h Larval stage 3. i-m Day 4 adults
(upper panel dorsal view, lower panel lateral view). Note that these
patterns correspond to distinct portions of the house-secreting
epithelium of O. dioica. n Nuclear staining with TO-PRO-3
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Fig. 4a—c Tunicate phylogeny in light of cellulose biosynthesis.
a—b Molecular phylogeny of tunicate cellulose synthases. a The most
likely tree for the putative cellulose synthase domain, inferred using a
quartet maximum-likelihood method (log likelihood = —4,887.83,
166 amino acid sites). The original version is shown in Fig. S2A. The
percent support for monophyletic tunicates, ascidians (As), and
appendicularians (Ap) are, respectively, 98, 85, and 68% (quartet
puzzling support values in quartet maximum-likelihood method) or
100, 86, and 62% (bootstrap values in neighbor-joining method). The
cyanobacterial clade to which plant sequences form a sister clade, if
included in the analysis [14, 35], are featured in gray. The scale bar
represents 0.1 substitutions per site. b The most likely tree for
the glycosyl hydrolase family 6 domain, inferred using a quartet
maximum-likelihood method (log likelihood = —4,274.04, 110
amino acid sites). The original version is shown in Fig. S2B. The
percent support for monophyletic tunicates, ascidians (As), and
appendicularians (Ap) are, respectively, 96, 88, and 97% (quartet
puzzling support values in quartet maximum-likelihood method) or
100, 85, and 76% (bootstrap values in neighbor-joining method). The
scale bar represents 0.1 substitutions per site. ¢ Parallel evolution of
cellulose biosynthesis in tunicates. Tunicates are invertebrate chor-
dates and a sister group of vertebrates (/eft). The inferred monophyly
of tunicate CesAs supports the single origin of cellulose biosynthesis
within the tunicate lineage (white circle). Various cellulosic structures
with their own morphology and function may be products of lineage-
specific modifications (colored circles), as suggested by our study
(right). Both larval ascidians and appendicularians retained the
common tadpole-like chordate body plan with contiguous median and
caudal fins [36]. Only larval appendicularians possess the ability to
synthesize I, allomorph. Adult ascidians generate various cellulosic
structures [37] and possess migratory cells specialized for the
maintenance of the cellulosic protective coat, which is indispensable
for their sessile life style [38]. Adult appendicularians possess a filter-
feeding house and its requisites: adult tail, house-secreting epithe-
lium, and cyclic expressions of CesA

arrangements of 0.39-nm lattice planes along the c-axis
[21], which molecular simulations suggest are settled in
van der Waals—associated glucan sheets at the very onset of
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crystallization under stereochemical constriction placed by
TCs [31-33]. Consequently, the coincidence between dif-
ferent allomorphs and different isoforms of the catalytic
subunit of TCs might represent a possible link between
structural variations in the crystalline phases and underly-
ing genetic processes leading to their synthesis. This should
be tested in future studies. Our current knowledge is largely
derived from studies motivated by industrial demands for
controlling the properties of biosynthetic materials, and
structural variations are considered unfavorable factors in
manufacturing quality control. However, we now appreci-
ate that a new biological function is achieved when
different microstructures of cellulose crystals are organized
into a single structure [34]. Therefore, structural variations
might, at least in part, reflect functional adaptations of
cellulose crystals. The minor animal model Oikopleura
may contribute to our understanding of how structural
variations in cellulose crystals can be explained in a bio-
logical context.
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