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Cellulose, a microfibrillar polysaccharide consisting of bundles of 3-1,4-glucan chains, is a major component
of plant and most algal cell walls and is also synthesized by some prokaryotes. Seed plants and bacteria differ
in the structures of their membrane terminal complexes that make cellulose and, in turn, control the dimen-
sions of the microfibrils produced. They also differ in the domain structures of their CesA gene products (the
catalytic subunit of cellulose synthase), which have been localized to terminal complexes and appear to help
maintain terminal complex structure. Terminal complex structures in algae range from rosettes (plant-like) to
linear forms (bacterium-like). Thus, algal Ces4 genes may reveal domains that control terminal complex
assembly and microfibril structure. The CesA genes from the alga Mesotaenium caldariorum, a member of the
order Zygnematales, which have rosette terminal complexes, are remarkably similar to seed plant CesA4s, with
deduced amino acid sequence identities of up to 59%. In addition to the putative transmembrane helices and
the D-D-D-QXXRW motif shared by all known CesA gene products, M. caldariorum and seed plant CesAs share
a region conserved among plants, an N-terminal zinc-binding domain, and a variable or class-specific region.
This indicates that the domains that characterize seed plant CesAs arose prior to the evolution of land plants
and may play a role in maintaining the structures of rosette terminal complexes. The Ces4 genes identified in
M. caldariorum are the first reported for any eukaryotic alga and will provide a basis for analyzing the CesA

genes of algae with different types of terminal complexes.

The fundamental unit of cellulose is the microfibril, consist-
ing of a bundle of parallel chains of B-1,4-glucan that are
hydrogen bonded to one another, forming a crystalline array
(4, 25). Although cellulose is best known as the major compo-
nent of plant and most algal cell walls, the Ces4 genes encod-
ing the putative catalytic subunit of cellulose synthase (EC
2.4.1.12) were first identified in the cellulose-producing bacte-
rium Acetobacter xylinus (39, 47). CesA genes in other pro-
karyotes and several seed plants, including cotton, Arabidopsis
thaliana, maize, rice, and poplar (36) have subsequently been
characterized. All share a common domain structure that in-
cludes putative transmembrane helices (TMH) and a cytoplas-
mic loop consisting of four conserved regions (U1 to U4), each
containing a D residue or QXXRW sequence predicted to be
involved in substrate binding and catalysis (D-D-D-QXXRW
motif). An N-terminal zinc-binding domain, a strongly con-
served region (CR-P) between U1l and U2, and a more variable
region between U2 and U3 are found only in plant CesAs (11).

The predicted transmembrane nature of the CesA protein is
consistent with the results of earlier freeze fracture electron
microscopy studies showing nascent cellulose microfibrils as-
sociated with arrays of integral plasma membrane protein par-
ticles known as terminal complexes (reviewed in references 5,
10, and 15). Terminal complexes consisting of linear arrays of
particles were first identified in the green alga Qocystis apicu-
lata (7) and the cellulose-producing bacterium Acetobacter xy-
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linus (8). Hexagonal arrays of particles termed rosettes were
later identified as the terminal complexes of land plants (30).
The arrangement of particles within terminal complexes ap-
pears to determine the dimensions of the cellulose microfibrils
they produce (10, 14, 17, 19, 22, 44). For example, rosettes
produce microfibrils composed of about 36 glucan chains but
the large linear terminal complexes of giant marine green algae
produce microfibrils containing up to 1,000 glucan chains (11).
Recently, the role of terminal complexes in cellulose synthesis
was demonstrated more directly by labeling freeze fracture
replicas of mung bean rosettes with antibodies raised against a
CesA gene product (24).

Although the factors that determine terminal complex struc-
ture, and thus microfibril dimensions, remain unknown, several
lines of evidence indicate that CesA4 gene products play a direct
role in maintaining the association of the particles that com-
pose terminal complexes. The rswl mutation in Arabidopsis
thaliana, which results in a single amino acid substitution in the
cytoplasmic domain of a cellulose synthase (Arabidopsis thali-
ana CesAl [AtCesAl]), disrupts assembly of crystalline cellu-
lose microfibrils and leads to accumulation of noncrystalline
B-1,4-glucan. Freeze fracture of rsw! mutants showed that the
rosettes are dissociated (2). It has also been shown that the
products of two cotton CesA genes (Gossypium hirsutum CesAl
[GhCesAl] and GhCesA2) can associate in vitro through their
zinc-binding domains, indicating a role for this domain in ter-
minal complex assembly (26). The Acetobacter CesA proteins,
which assemble as a linear terminal complex, lack the zinc-
binding domain and two other domains found in all seed plant
CesA proteins (11). These observations indicate that compar-
ing the CesA genes of organisms with different types of termi-
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FIG. 1. Domain structure of GhCesA1(GenBank accession number U58283) showing positions of degenerate primers (sequences listed in the
box) designed to amplify CesA fragments from M. caldariorum strain 41 (UTEX Algal Culture Collection). Bars indicate the predicted products
along with their sizes in base pairs. The zinc-binding domain (Zn), putative TMH, U domains, CR-P, and hypervariable region (HVR, also know

as the CSR) are labeled.

nal complexes may reveal domains that control terminal com-
plex assembly and thus microfibril structure.

The origin of rosettes is thought to be a crucial event in the
evolution of land plants because it is linked to fundamental
changes in cytokinesis and intercellular communication that
provided the basis for the origin of the complex body plan (16).
Green algae demonstrate the greatest diversity in terminal
complex structure, and the history of the evolution of rosettes
from linear terminal complexes appears to be preserved within
this group (6, 21, 44). According to a recent classification, the
monophyletic group Charophyta includes the land plants and
six orders of green algae, including the Zygnematales, the
Coleochaetales, and the Charales, which are thought to be the
closest relatives of land plants (23). Within the Charophyta, all
species examined have six-particle rosettes except for Co-
leochaete scutata (44), which has a unique eight-particle termi-
nal complex (32). Other green algae have linear terminal com-
plexes (44). Mesotaenium caldariorum is in the order
Zygnematales, which diverged from the land plant lineage be-
fore the Coleochaetales and the Charales (23). Thus, charac-
terization of M. caldariorum CesAs (McCesAs) will reveal the
extent of CesA divergence since plants colonized the land and
provide a basis for analyzing the Ces4 genes from algae with
different types of terminal complexes, including C. scutata, with
its apparently derived eight-particle terminal complex, and
chlorophyte green algae, with presumably more primitive lin-
ear terminal complexes.

Here we report the identification of CesA genes in the uni-
cellular charophycean alga M. caldariorum, the first reported
from a eukaryotic alga.

MATERIALS AND METHODS

Culturing. A culture of the unicellular green alga, M. caldariorum strain 41 was
obtained from the UTEX Algal Culture Collection (University of Texas, Austin).
Suspension cultures were grown as described previously (27).

Primer design. The design of three forward and three reverse degenerate
primers was based on regions of amino acid conservation among polypeptides

deduced from CesA genes of Acetobacter and seed plants. The positions of the
primers with respect to regions coding for characterized domains of GhCesAl
(GenBank accession number U58283) are illustrated in Fig. 1. Primers 1F and
3R were based on primers UGF and DOMBIR, designed by Doblin et al. (12).
For UGF, the redundancy at positions 12 and 13 was increased to account for
additional Ser codons (AGC, AGT), and a G, the second nondegenerate base
coding for Gly, was added to the 3" end. The DOMBIR primer was modified by
changing the clamp from CC to GG and increasing the degeneracy at position 18
to account for the substitution of Ile for Asn in some Acetobacter species (Fig. 1).
Cloning sites were removed from both primers. Two additional forward primers
(2F and 3F) were based on deduced amino acid sequences within domain U1 of
Gh.CesAl proteins. Additional reverse primers (1R and 2R) were based on
sequences within the CR-P region. The sequences of all primers are listed in Fig.
1.

PCR cloning. Genomic DNA was isolated from cultured M. caldariorum cells
by a rapid cetyltrimethylammonium bromide extraction method (28). Phage
suspension from a genomic library of M. caldariorum DNA cloned into
NGEM-11 BamHI arms (27) was also used as a template.

Genomic DNA was amplified directly with various combinations of forward
and reverse primers (Fig. 1) at an annealing temperature of 56°C with 2.5 mM
MgCl, through 35 cycles. A genomic library phage suspension was amplified with
primers 1F and 3R, and the products were subjected to nested and half-nested
PCR with various combinations of forward and reverse primers under the same
conditions used to amplify genomic DNA. Amplified fragments were gel purified
and cloned into pCR-TOPO 2.1 (Invitrogen Corp., Carlsbad, Calif.) in accor-
dance with the manufacturer’s instructions. Plasmid DNA was isolated, and both
strands were sequenced by primer walking and the BigDye dRhodamine Termi-
nator method (PE Biosystems, Foster City, Calif.). Sequences were edited and
assembled with Sequencher (version 4.0.5; Gene Codes Corp., Ann Arbor,
Mich.).

Library screening. Probes were synthesized by incorporation of digoxigenin-
dUTP by PCR with cloned McCesA fragments as templates and with the same
primers that were originally used to amplify the cloned sequences. These probes
were used to screen 300,000 plaques from the M. caldariorum genomic library.
Phage DNA was isolated and subcloned by standard protocols (38). Plasmid
DNA was isolated and sequenced as described above.

Sequence analysis. The cDNA and polypeptide sequences were deduced from
genomic sequences by using NetGene2 (18) and GenScanW (9).

For phylogenetic analysis, McCesAs were compared with predicted amino acid
sequences corresponding to Ces4 genes obtained from GenBank (http://www
.ncbi.nlm.nih.gov) for Arabidopsis thaliana (accession numbers AF027172,
AF027173, and AB018111 [2]; AB006703, AF016893, and AF062485; AF091713
[42]; and AL035526, AC007019, and AC006300), maize (Zea mays, AF200525,
AF200526, AF200528, AF200529, AF200530, AF200531, AF200532, and
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FIG. 2. PCR amplification of isolated genomic DNA and a genomic DNA library phage suspension from M. caldariorum strain 41 (UTEX Algal
Culture Collection) with degenerate primers. Lane 1 shows amplification of a genomic DNA library phage suspension with the primer pair 1F-3R.
Lanes 2 to 7 show the results of nested PCR with the products in lane 1 used as the templates with primer pairs 2F-1R, 2F-2R, 1F-1R, 1F-2R,
2F-3R, and 3F-3R, respectively. Lanes 8 to 12 show amplification of isolated genomic DNA with primer pairs 1F-1R, 1F-2R, 1F-3R, 3F-3R, and

2F-3R. The major bands in lanes 2, 7, and 12 were purified and cloned.

AF200533 [20]), poplar (Populus tremuloides, AF072131 [48] and hybrid Populus
tremula/Populus. alba, AF081534), cotton (G. hirsutum, U58283 and U58284/
AF254895 [34] and AF150630 [24]), tobacco (Nicotiana tabacum, AF304374
[12]), and Anabaena sp. strain PCC 7120 (BAB75456.1 = contig 326). The CesA
sequence from Nostoc punctiforme (contig 499) was obtained from the Depart-
ment of Energy Joint Genome Institute (http://www.jgi.doe.gov/JGI_microbial
/html/). Sequences were edited before alignment, as described in Results. Phy-
lograms were constructed from the aligned sequences by using the heuristic
search method in PAUP* (version 4.1b10; Sinauer Associates, Sunderland,
Mass.) and were tested by bootstrap analysis (by the parsimony method, with
1,000 replicates). Trees were printed with TreeView (33).

Nucleotide sequence accession numbers. The nucleotide sequences of
McCesAI and McCesA2 have been deposited in GenBank under accession num-
bers AF525360 and AF525361, respectively.

RESULTS

Degenerate primers based on conserved regions of the de-
duced amino acid sequences of plant and prokaryote CesA
genes were used to amplify Ces4 gene fragments from isolated
genomic DNA and a genomic DNA library phage suspension
from M. caldariorum. Primer pair 1F-3R amplified two major
fragments and several minor fragments from the phage sus-
pension (Fig. 2, lane 1). To test for specificity of amplification,
the products of this reaction were subjected to fully nested and
half-nested PCR (Fig. 1, lanes 2 to 7). Fully nested PCR with
primer pairs 2F-1R and 2F-2R amplified fragments of about
300 and 350 bp, respectively (Fig. 2, lanes 2 and 3). This is close
to the expected product sizes of 293 and 338 bp that were
calculated from the GhCesAl sequence and verified by ampli-
fication of cloned GhCesAI with primer pairs 2F-1R and
2F-2R (data not shown). Half-nested PCR with primer pairs
1F-1R and 1F-2R produced numerous bands (Fig. 2, lanes 4
and 5), including those close to the expected product sizes of
326 and 370 bp, respectively. Half-nested PCR with primer
pairs 2F-3R and 3F-3R produced strong bands at about 1 and
1.2 kb (Fig. 2, lanes 6 and 7). These exceed the expected values
of 733 and 528 bp, presumably due to the presence of one or
more introns, since the products differ from each other by
about the expected 205 bp. Direct amplification of genomic
DNA with primer pairs 1F-1R and 1F-2R did not produce

products of the expected sizes (Fig. 1, lanes 8 and 9). However,
at least some of the products of amplification with primer pairs
1F-3R, 3F-3R, and 2F-3R were similar in size to those result-
ing from amplification of the genomic DNA library phage
suspension with the same primers.

The major bands from lanes 2, 7, and 12 (Fig. 2) were
excised, purified, and cloned into pCR-TOPO 2.1. When the
inserts were excised, 11 clones derived from the product in lane
2 (Fig. 2) appeared identical, but the major product in lane 7
produced two distinct classes of inserts and the product in lane
12 produced three distinct classes, including one containing an
internal restriction site. A single representative of each of the
six distinct clones was sequenced and compared to sequences
in GenBank with BLASTX (1). The predicted products of two
clones derived from amplification of genomic DNA with the
primer pair 2F-3R were similar to GhCesAl, spanning the
regions upon which the primers were based (Fig. 1). Although
the deduced polypeptides share 84% (M. caldariorum clone 1
[Mc1] compared with Zea mays CesA4 [ZmCesA4] [accession
number AF200528]) and 73% (Mc2 compared with ZmCesAS
[accession number AF200529]) amino acid identity with known
CesAs encoded within three open reading frames, they lack
similarity in the amino acids encoded by the regions spanning
nucleotides 409 to 705 and 970 to 1307 (Mc1) and nucleotides
394 to 624 and 889 to 1162 (Mc2). Prediction of intron-exon
boundaries with NetGene2 (18) supports the hypothesis that
these regions represent introns (Fig. 3). The spliced sequences
have open reading frames of 733 and 718 bp, respectively, and
their predicted amino acid sequences share 76% identity. Mc3
and Mc4, derived from amplification of a genomic library sus-
pension with primer pairs 2F-2R and 3F-3R, respectively, were
very similar to Mc2, differing by 17 bp within their 1,224-bp
consensus sequence (data not shown). Together, the four
clones represent at least two distinct McCesA sequences (Fig.
3).

The cloned Mc1 and Mc2 fragments were used to synthesize
probes for screening an M. caldariorum genomic library. A
total of 300,000 plaques were screened, 103 plaques were se-
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FIG. 3. Nucleotide sequence alignment of CesA gene fragments Mc1 and Mc2 amplified from M. caldariorum strain 41 (UTEX Algal Culture
Collection) genomic DNA. Nucleotides corresponding to the primers used for amplification are highlighted in gray, intron-exon boundaries
predicted by NetGene2 (18) are underlined, and predicted introns are shown in lowercase letters. Deduced amino acid sequences corresponding
to both fragments are shown in alignment with the amino acid sequence deduced from a GhCesA1 cDNA sequence. Putative catalytic domains
Ul and U2 are highlighted in black. Asterisks indicate identity; colons and periods indicate full conservation of strong and weak groups,
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FIG. 4. Full-length deduced amino acid sequence of M. caldariorum strain 41 (UTEX Algal Culture Collection) CesAl (GenBank accession
number AF525360) aligned with deduced amino acid sequences of CesAs from maize (ZmCesA7 [AF200531]), tobacco (Nicotiana tabacum CesAl
[NaCesAl] [AF304374]), Arabidopsis thaliana (AtCesAl [AF027172], AtCesA3 [AB018111]) and cotton (GhCesAl [U58283]). McCesAl was
deduced from a full-length nucleotide sequence isolated from a genomic library. The cDNA sequence was deduced with GenScanW (9). Intron
insertion sites are underlined for McCesAl and angiosperm sequences for which the genomic sequence is known. Domains are indicated below
the sequences as follows: the zinc-binding domain with an unshaded box, putative TMH with light gray shading without a box, U domains with a
black background, the CR-P with light gray shading within a box, and the variable region or CSR with dark gray shading without a box. Intron
insertion sites are underlined in sequences for which they are known. Shaded amino acids indicate sites at which the sequences were edited when
alignments for phylogenetic analysis were constructed. Asterisks indicate identical residues; colons and periods indicate full conservation of strong

MESSTGLVAGSRNRNQFVVIPAD-EEQRRNVTTPAASVCQICGDDVGLSATGELFVACVECGYPVCRPCYEYERKEGSKACPQCKTVYKRLKGSPRVPTDEEDDDIEDLE
MEASAGLVAGSHNRNELVVIRRDGDPGPKPPREQNGQVCQICGDDVGLAPGGDPFVACNECAFPVCRDCYEYERREGTQNCPQCKTRYKRLKGCQRVTGDEEEDGVDDLD
MDTKGRLVAGSHNRNEFVVINADDVGRVTSVKELSGQICQICGDEIEVTVDGEPFIACNECAFPVCRQCYEYERREGNQACPQCKTRFKRIKGSPRVDGDDEDDEFDDLD

MEASAGLVAGSYRRNELVRIRHESDGGTKPLKNMNGQICQICGDDVGLAETGDVFVACNECAFPVCRPCYEYERKDGTQCCPQCKTRFRRHRGSPRVEGDEDEDDVDDIE
MESEG--------==--------~ ETAGKPMKNIVPQTCQICSDNVGKTVDGDRFVACDICSFPVCRPCYEYERKDGNQSCPQCKTRYKRLKGSPAIPGDKDEDGLADEG
ffffffffffffffffffffffffffffff MMESGVPVCHTCGEHVGLNVNGEPFVACHECNFPICKSCFEYDLKEGRKACLRCGSPY---~-~-~-~~~-----DENLLDDVE
R ki Kokk K ckokg kokkg gk o koK oo R
N-EFRGHSHVAHKSHDQHDHDHLDDVESVRSGRNTHDPYATYEPYRVQPQVPLLTDAHYETGSEYGGHTTNSDYGGHGVGSDYGGKTNPSEYSHHHHSHHQATIMVPGGQP
N-EFNWDGHDSQSVAESMLYGHMSYGRGGDPNGAP- - - -~ -~ QAFQLNPNVPLLTNGQOMVD - = == == = = = == == m o mmm e e e e m o m—m = DIPPEQHALVPSFMG
H-EFDYHGN-PRYMSEAAFSSRLGRGTNHNASGLTTP--SEVDPAALNSEI PLLTYGQEDD - -~ = === -=--=-= == - - - - ——————— =~ TISADKHALIIPPFM
N-EFNYAQGANKAR------- HQRHGEEFSSS--S-------- RHESQ-PIPLLTHGHIVSG EIRTPDTQSVRTTSGPLG

TVEFNYPQKEKI SERMLGWHLTRGKGEEMGEPQYD- -KEVSHNHLPRLTSRODTSG EFSAASPERLSVSS-TIA
K-mmmmmmmmmmmmmmmeem ATGDQSTMA--===============m~ AHLNKSQDVG === === === === === mmmm oo THARHISSVSTLDSEMA

* .

GSDAGVHAGSFVN-GDGISAKSADP-KDPASFGYGS IAWKDRVDAWKQRQDKMOMTTAPGGVLVDANKGGPGGPEDPYNGGNDLPLMDESRQPLSRKVDFNMGLIQPYRL
GGGKRIHPLPYADPSLPVQPRSMDPSKDLAAYGYGSVAWKERMENWKQRQ- - - -ERMHQT - - -GNDG- - - -GGDDGD - - -DADLPLMDEARQQLSRKIPLPSSQINPYRM

GRGKKVHPVPYSD-SMSLPPRPMDPKKDLAVYGYGTVAWKERMEDWKKKQNDKLQVVKHG - - -GGKG- - - -GGNDGDELDDPDLPKMDEGRQPLSRKLPISSSRLSPYRL
PSDRNAISSPYIDPRQPVPVRIVDPSKDLNSYGLGNVDWKERVEGWKLKQEKNMLOMTGK - - - YHEGKGG - EIEG-TGSNGEELQMADDTRLPMSRVVPIPSSRLTPYRV
GGKRLPYSS---DVNQSPNRRIVDP------ VGLGNVAWKERVDGWKMKQEKNTGPVSTQ- - -AASERGGVDIDASTDILADEALLNDEARQPLSRKVSIPSSRINPYRM
EDN-msmmimmmsmm i i i i GNS IWKNRVESWKEKKNKKKKPATTK---VER----- EAEIPPEQOMEDKPAPDAS - QPLSTIIPIPKSRLAPYRT
* kkoko o Kk .. . * . kkk

MIVIRLVVLAFFLRYRILNPAP-SRPLWMTSVICEIWFAVSWILDQFPKWMPINRETYLDRLNLRFEKEGEPSQLQAVDLFVSTVDPEKEPPLTTANTLLSILSIDYPVD
IIIIRLVVLGFFFHYRVMHPVNDAFALWLISVICEIWFAMSWILDQFPKWFPIERETYLDRLSLRFDKEGQPSQLAPIDFFVSTVDPLKEPPLVTTNTVLSILSVDYPVD
LILVRLAVVGLFFHYRITHPVNDAYALWLISIICEIWFAVSWIFDQFPKWFPIVRETYLDRLSLRYEKEGKPSGLAPIDIFVSTVDPLKEPPLITANTVLSILAVDYPED
VIILRLIILCFFLQYRTTHPVKNAYPLWLTSVICEIWFAFSWLLDQFPKWYPINRETYLDRLAIRYDRDGEPSQLVPVDVFVSTVDPLKEPPLVTANTVLSILSVDYPVD
VIMLRLVILCLFLHYRITNPVPNAFALWLVSVICEIWFALSWILDQFPKWFPVNRETYLDRLALRYDREGEPSQLAAVDIFVSTVDPLKEPPLVTANTVLSILAVDYPVD
VIIMRLIILGLFFHYRVTNPVDSAFGLWLTSVICEIWFAFSWVLDQFPKWYPVNRETYIDRLSARYEREGEPDELAAVDFFVSTVDPLKEPPLITANTVLSILALDYPVD

skiakk L. ok kK ik, B Kk . kokkkkkkk kk . .kkkkkk ok, kkkkokkk kg oookok | ok k kkkkkkk kkkkk ko okk o kxkx . . EEEIEY

KVSCYLSDDGAAMLTFEALSETSEFARRWVPFVKKYNIEPRAPEMYFSQKIDYLKDKIQPSFVKERRIMKREYEEFKVRINALVSKSMKVPEDGWTMQDGTPWPGNNSRD
KVSCYVSDDGAAMLTFEALSETSEFAKKWVPFCKRYNIEPRAPEWYFQQKIDYLKDKVAANFVRERRAMKREYEEFKVRINALVAKAQKVPEEGWTMODGTPWPGNNVRD
KVSCYVSDDGAAMLTFEALSETSEFARKWVPFCKKFNIEPRAPEWYFSQKVDYLKNKVHPSFVRERRAMKRDYEEFKVRINGLVATAQKVPEDGWTMODGTPWPGNLVRD
KVACYVSDDGSAMLTFESLSETAEFAKKWVPFCKKFNIEPRAPEFYFAQKIDYLKDKIQPSFVKERRAMKREYEEFKVRINALVAKAQKI PEEGWTMODGTPWPGNNTRD
KVSCYVSDDGAAMLSFESLAETSEFARKWVPFCKKYSIEPRAPEWYFAAKIDYLKDKVQTSFVKDRRAMKREYEEFKIRINALVSKALKCPEEGWVMODGTPWPGNNTRD
KVSCYISDDGAAMLTFESLVETADFARKWVPFCKKFSIEPRAPEFYFSQKIDYLKDKVQPSFVKERRAMKRDYEEYKTRINALVAKAQKTPDEGWTMODGTSWPGNNPRD

109
110
110
110
91
67

218
178
182
171
162
104

325
274
284
276
260
174

425
384
394
386
370
284

545
494
514
496
480
394

EEPEERERERY * % % : ¥ % ;% %%k %k ; FAKK K KRKKKKK KK K KRKK k; Kk Kk KKK KKK K KKK Kk K kg KK FAKKK KKK KX

HPGMIQVFLGPSGGLDTDGNALPRLVYVSREKRPGFNHHKKAGAMNALIRVSAVLTNAPYILNLDCDHYVNNSKALRHAMCFMMDPNVGKKVCYVQFPQRFDGIDRSDRY
HPGMIQVFLGQSGGLDCEGNELPRLVYVSREKRPGYNHHKKAGAMNALVRVSAVLTNAPYLLNLDCDHY INNSKAIKEAMCFMMDPLLGKKVCYVQFPQRFDGIDRHDRY
HPGMIQVFLGNDGVRDIEGNVLPRLIYVSREKRPGFDHHKKAGAMNALMRVSAVISNAPYLLNVDCDHY INNSKALREAMCFMMDPTSGKKICYVQFPQRFDGIDRHDRY
HPGMIQVFLGHSGGLDTDGNELPRLIYVSREKRPGFQHHKKAGAMNALIRVSAVLTNGAYLLNVDCDHYFNNSKAIKEAMCFMMDPAIGKKCCYVQFPQRFDGIDLHDRY
HPGMIQVFLGQONGGLDAEGNELPRLVYVSREKRPGFQHHKKAGAMNALVRVSAVLTNGPFILNLDCDHY INNSKALREAMCFLMDPNLGKQVCYVQFPQRFDGIDKNDRY
HPGMIQVFLGYSGARDIEGNELPRLVYVSREKRPGYQHHKKAGAENALVRVSAVLTNAPFILNLDCDHYVNNSKAVREAMCFLMDPQVGRDVCYVQFPQRFDGIDRSDRY

[FrRrrxrsrrx % % ok k kkkk kxkkkkkkk; ckkkkkkx kkkkkkokk [N * . * KKKk Kkkkpkkk ko kkkkkkkkkkk kK kkk

ANHNTVFFDRDINLRGLDGLQGPVYVGTGCCFRRHALYGYEPKKKESSRGCCS------ MVFCGCCGLCGRKKEKSAVDNPLKTGKFKGSDPSLPMYN- - - IDDLEDG- -DG
ANRNVVFFDINMKGLDGIQGPIYVGTGCVFRRQALYGYDAPKTKKPPSRTCNCWPKWCFCCCCFGNRKQKKTTKPKTEKKKLLFFKKEENQSPAYALGEIDEAAPG- -AE

SNRNVVFFDINMKGLDGIQGPIYVGTGCVFRRQALYGYDAPKKTKPPGKTCNCWPKWC- - CCCFGSRKKHKKGKTTKDNKKK - -TKTKEASPQTHALENIEEGIEG--1ID
ANRNIVFFDINMKGLDGIQGPVYVGTGCCFNRQALYGYDPVLTEEDLEPNI------- IVKSCCGSRKKGKSSKKYNY - EKRRGINRSDSNAPLFNMEDIDEGFEG- -YD
ANRNTVFFDINLRGLDGIQGPVYVGTGCVFNRTALYGYEPPIKVKHKKPSL------- LSKLCGGSRKKNSKAKKESD - KKKSGR-HTDSTVPVFNLDDIEEGVEGAGEFD

ANRNTVFFDVNMKGLDGIQGPVYVGTGCVFNRQALYGYGPPSMPSFPKSSS------- SSCSCCCPGKK- - -EPKDPS -ELYRDAKREELDAAIFNLREIDN- - - - -YDE

skok kkkk ok kkkk o hkk o kkkkkKk Kk Kk Kkkkk

QERESLVALKQFEKRFGQSPVFVLSTFHEEGGSVASSSASSTLKEATHVISCGYEDKTEWGKEVGWIYGSVTEDILTGFKMHCRGWRSIYCMPKIAAFKGSAPINLSDRL
NEKAGIVNQQKLEKKFGQSSVFVTSTLLENGGTLKSASPASLLKEATIHVISCGYEDKTDWGKEIGWIYGSVTEDILTGFKMHCHGWRSIYCIPKRVAFKGSAPLNLSDRL
SEKATLMPQIKLEKKFGQSPVFVASTLLEDGGIPPGATSASLLKEAIHVISCGYEDKTEWGREVGWIYGSVTEDILTGFKMHCHGWRSVYCMPKRPAFKGSAPINLSDRL
DERSILMSQRSVEKRFGQSPVFIAATFMEQGGIPPTTNPATLLKEATHVISCGYEDKTEWGKEIGWIYGSVTEDILTGFKMHARGWISIYCNPPRPAFKGSAPINLSDRL
DEKALLMSQMSLEKRFGQSAVFVASTLMENGGVPPSATPENLLKEATHVISCGYEDKSDWGMEIGWIYGSVTEDILTGFKMHARGWRSIYCMPKLPAFKGSAPINLSDRL
YERSMLISQTSFEKTFGLSSVFIESTLMENGGVAESANPSTLIKEAIHVISCGYEEKTAWGKEIGWIYGSVTEDILTGFKMHCRGWRSIYCMPLRPAFKGSAPINLSDRL

Mk kkkkkhkkhkkd %, *%x %, %% %% R ] * Ik kkkk  kokkkk Kk

QQVLRWALGSVEIFLSRHCPIWYGWSGSRLKLLQRLAYINTVVYPFTAFPLLAYCTLPAICLLTNQFIIPELISSLNSLWFIALFISIFACAFLEMRWSGVGMEEWWRNEQ
HQVLRWALGSIEIFFSNHCPLWYGYGG-GLKFLERFSYINSIVYPWTSIPLLAYCTLPAICLLTGKFITPELNNVASLWFMSLFICIFATSILEMRWSGVGIDDWWRNEQ
HQVLRWALGSVEILLSKHCPIWYGYGC-GLKPLERFSYINSVVYPLTSLPLIAYCALPAVCLLTGKFIVPEISNYASILFMGLFIMIAATSVLEMQWGGVTIDDWWRNEQ
NQVLRWALGSIEILLSRHCPIWYGYHG-RLRLLERIAYINTIVYPITSIPLIAYCILPAFCLITDRFIIPEISNYASIWFILLFISIAVTGILELRWSGVSIEDWWRNEQ
NQVLRWALGSVEILFSRHCPIWYGYNG-RLKFLERFAYVNTTIYPITSIPLLMYCTLPAVCLFTNQFIIPQISNIASIWFLSLFLSIFATGILEMRWSGVGIDEWWRNEQ
HQVLRWALGSVEIFLSRHCPLWYGFGGGRLKWLQRLAYINTIVYPFTSLPLIAYCSLPAICLLTGKFIIPTLSNLASVLFLGLFLSIIVTAVLELRWSGVSIEDLWRNEQ

R AR : * . *x* kK k. Ko okokgakok: skk ko akk. Kk kkk kkok ckk Kk . k. k. kk. k| kk.o.k kK ... kkkxk

FWVIGGVSSHLYAVFQGLLKVLAGIDTNFTVTAKAADDGEAYADLYLFKWTSLLIPPTTLIIINLIGAVAGVANAINNGYDQWGPLFGKLFFAFWVVVHLYPFLKGLMG
FWVIGGVSSHLFAVFQGLLKVIAGVDTSFTVTSKGGD-DEEFSELYTFKWTTLLIPPTTLLLLNFIGVVAGVSNAINNGYESWGPLFGKLFFAFWVIVHLYPFLKGLVG
FWVIGGASSHLFALFQGLLKVLAGVSTSFTVTSKAAD-DGEFSELYLFKWTSLLIPPMTLLIINIIGVIVGISDAINNGYDSWGPLFGRLFFALWVIVHLYPFLKGVMG
FWVIGGTSAHLFAVFQGLLKVLAGIDTNFTVTSKATDEDGDFAELYIFKWTALLIPPTTVLLVNLIGIVAGVSYAVNSGYQSWGPLFGKLFFALWVIAHLYPFLKGLLG
FWVIGGVSAHLFAVFQGILKVLAGIDTNFTVTSKASDEDGDFAELYLFKWTTLLIPPTTLLIVNLVGVVAGVSYAINSGYQSWGPLFGKLFFAFWVIVHLYPFLKGLMG
FWVIGGVSAHLFAVFQGFLKMLAGIDTNFTVTAKAAD-DADFGELYIVKWTTLLIPPTTLLIVNMVGVVAGFSDALNKGYEAWGPLFGKVFFSFWVILHLYPFLKGLMG

Khkkkkk Khokk kokkk kK. kk, Kk kkkk,k Kk sLikKk kkkakkkkk Kky.:ikoak o k. kok kk, kkkkkk, . kk. . kk. kkkkkkkk, X

KSNRTPTLIIVWSVLLASIFSLLWVKINPFTNTTNGPALVQCGIRC-- 1129
RONRTPTIVIVWSILLASIFSLLWVRIDPFLAKDDGPLLEECGLDCN- 1086
RONKVPTIIVVWSILLASIFSLLWVRVNPFTARG-GLVLEVCGLDCE- 1091
RONRTPTIVIVWSVLLASIFSLLWVRINPFVDANPNANNFNGKGGVF- 1081
RONRTPTIVVVWSVLLASIFSLLWVRIDPFTSRVTGPDILECGINC-- 1065
RONRTPTIVVLWSVLLASVFSLVWVRINPFVSTADSTTVSQSCISIDC 974

Dk KKs s ik kkkKk . kkk o kk kK

and weak groups, respectively (43).

851

655
604
610
604
590
504

754
712
718
706
691
598

864
821
827
815
800
708

974
931
937
925
910
818

1083
1039
1035
1034
1019

926

dny wouy papeojumog

1sanb AQ 8T0Z ‘ST Jaquwialdas uo /Bio wse 29//


http://ec.asm.org/

852 ROBERTS ET AL.

Zn U1

U2 CSR

EUKARYOT. CELL

u3u4

HCH - H —— 00 WZ—7z+——1 H 1 111 BT W} McCesA1 (5347 nt)
u2 CSR
L H T H ]

U1 U2 uU3u4
N | W77l [TII W WH] NpCesA1 (2004 nt)

u3u4
[0 | AtCesA1 (5380 nt)

FIG. 5. Gene structure of McCesA1 (GenBank accession number AF525360), AtCesA1(AF027172), and Nostoc punctiforme CesAI (NpCesAl)
(contig 499). Boxes represent exons and lines represent introns. Putative TMH as predicted by HMMTOP (45) are shown in solid black, the CR-P

is shown with diagonal hatching, and other domains are labeled.

lected, and 10 clones were purified. Phage DNA was isolated
from each of these clones, and the inserts were excised with
BamHI, revealing five distinct restriction patterns. One clone
was subcloned, sequenced in its entirety, and assembled. Com-
parison to sequences in GenBank with BLASTX revealed
eight open reading frames with high similarity to plant CesAs.
Start and stop codons were identified in frame at the N-termi-
nal and C-terminal ends. Prediction of splicing sites by using
GenScanW with both Arabidopsis and maize parameter matri-
ces (9) indicated the presence of 11 exons and 10 introns, and
the spliced gene produced an open reading frame of 3,390 bp.
This gene was similar to that for Mc1, differing by only nine
base substitutions and a 9-bp insert within their 1,377-bp con-
sensus, and was named McCesAl. Two additional genomic
clones were partially subcloned and sequenced. One was very
similar to McCesA1I, differing by a single deletion and two base
substitutions, including a T—C substitution that produced an
additional BamHI site. The other clone was also similar to
Mcl, differing by seven base substitutions within their 1,368-bp
consensus sequences. Genomic clones corresponding to Mc2
to Mc4 were retrieved neither in the first screen nor when the
genomic library was rescreened with only the probe based on
Mc2. Of nine additional clones that were partially sequenced,
three were nearly identical to McCesAl, three were more sim-
ilar to Mc1, and three were similar to McCesAI but had addi-
tional deletions (data not shown). The designation McCesA2
was assigned to Mc2, which represents Mc2 to Mc4.

By using ClustalX software (43), the predicted McCesAl
protein was compared with proteins representing different sub-
families of seed plant CesAs (20). The hypothetical McCesAl
protein of 1,130 amino acids contains all domains character-
ized in plant CesAs, as highlighted in Fig. 4. These include the
zinc-binding domain near the N terminus (26). As predicted by
HMMTOP (45), McCesAl contains eight putative TMH. The
cytoplasmic domain between the second and third TMH in-
cludes the four putative substrate-binding domains, U1l to U4,
which are highly conserved in all known CesAs. Between Ul
and U2 is the CR-P, a conserved region in plants (34) that is
absent in bacterial CesAs (11) and is poorly conserved in some
cyanobacteria (31) and the slime mold Dictyostelium discoi-
deum (3). The McCesAl CR-P is very similar to those of plant
CesAs (up to 87% identity with A. thaliana CesAl [AtCesAl]
[accession number AF027172]) and bears only slight similarity
to those of cyanobacterial CesAs (13% identity with that of
Nostoc punctiforme, contig 499).

McCesAl is also similar to seed plant CesAs in regions that
are not universally conserved (Fig. 4). These include the hy-
pervariable region between U2 and U3 (34), also known as the

class-specific region (CSR) (46). Like those of seed plants, the
McCesAl CSR contains basic residues at the N terminus and
acidic residues at the C terminus, including DDXED and EXE
motifs (amino acids 747 to 751 and 756 to 758, respectively). It
also contains three K motifs (centered on amino acids 697, 720,
and 735) and a cysteine-rich region (amino acids 703 to 715)
and shares up to 42% amino acid identity with the CSRs of
plant CesAs (ZmCesAl [AF200525]). The region between the
zinc-binding domain and the first TMH is also highly variable
among the known CesAs. McCesA has the longest N terminus,
including a unique 28-residue block and blocks corresponding
to all of the sequence blocks found in the N-terminal regions of
other plant CesA proteins.

McCesAl joins 11 other CesA genomic sequences in which
intron-exon boundaries are conserved (36, 37). All McCesAl
intron-exon junctions are also found in AtCesAI and AtCesA3
(Fig. 4 and 5). Within the region corresponding to McCesAI
exon 6, these Arabidopsis genes have an additional intron,
which is present in all other Arabidopsis CesAs except AtCesA4,
AtCesAS5, and ArCesA9. A second additional intron within the
region corresponding to McCesAI exon 7 is present in all
Arabidopsis CesAs except AtCesA7, and a third additional in-
tron in the region corresponding to McCesAl exon 10 is
present in all Arabidopsis CesAs. In McCesAl and all CesAs
examined, the C-terminal exon contains TMH-4 through
TMH-8 and the penultimate exon contains H-3, H-4, and
TMH-3 (Fig. 5).

Figure 6A shows a parsimony phylogram corresponding to
the bootstrap consensus tree for deduced amino acid se-
quences encoded by McCesAl and selected seed plant CesAs,
rooted with deduced amino acid sequences encoded by two
cyanobacterial CesAs. Prior to alignment with ClustalX (43),
the sequences were edited to remove the poorly conserved N
terminus upstream of the (P/L/S)(Y/F)R consensus sequence,
the variable region between the G(Y/F)(D/E/S/G) and (L/
I)(K/R)E consensus sequences, and the C terminus down-
stream of the WV(R/K) consensus sequence (Fig. 4). The
analysis shows a high similarity between McCesAl and seed
plant CesAs (Fig. 6A). Although the possibility of higher-level
groupings is strongly supported (bootstrap values, 72 to 100%),
the early divergence of McCesAl and separation of the seed
plant CesAs into two major clades is supported only weakly
(bootstrap values, 52 to 68%). An analysis including McCesA2
was carried out with the conserved region from the DQF con-
sensus sequence directly following TMH-2 to the DCDH con-
sensus sequence of U2 (Fig. 4). The unrooted phylogram cor-
responding to the bootstrap consensus tree shows strong
support for an M. caldariorum clade that is separate from that
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FIG. 6. Parsimony phylograms corresponding to the majority con-
sensus trees from 1,000 bootstrap replicates. Bootstrap values are
indicated in parentheses. (A) Phylogram rooted with cyanobacterial
CesA sequences; (B) unrooted phylogram constructed with CesA frag-
ments corresponding to the Mc2 PCR product. Scale bars indicate the
number of changes. NpCesAl, Nostoc punctiforme CesAl; PtCesAl,
Populus tremuloides CesAl; NtCesAl, Nicotiana tabacum CesAl.

corresponding to the seed plant CesAs (Fig. 6B). Some of the
sequences included in Fig. 6A were omitted from Fig. 6B for
clarity. When included, their positions were consistent with
those shown in Fig. 6A. The topologies of trees created using
distance methods (neighbor joining) were identical to those
shown except for the position of 4tCesA7 in the rooted tree
(data not shown).
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DISCUSSION

CesA domains and terminal complex structure. The de-
duced amino acid sequence encoded by McCesA1 includes the
D-D-D-QXXRW motif and putative TMH that characterize
all known CesAs and shows remarkable similarity to seed plant
CesAs, with amino acid identities up to 59% (ZmCesA7 [ac-
cession number AF200531]). McCesAl has a zinc-binding do-
main, a highly conserved CR-P between U1 and U2 that is 87%
identical to the most similar seed plant CR-P (that of 4tCesAl
[AF027172]), and a variable region or CSR between U2 and
U3. These features were previously known only in seed plant
CesAs (11); however, our results indicate that these domains
arose prior to the evolution of land plants. Of the three CesA
domains unique to M. caldariorum and seed plants, the CR-P
may have had the earliest origin, since CesAs from two strains
of cyanobacteria contain an insertion with limited similarity to
the CR-P (31) and a CesA from the cellular slime mold D.
discoideum contains a highly divergent insertion between Ul
and U2 (3).

Although we have no direct evidence that McCesAs function
in cellulose synthesis, their strong similarity to seed plant
CesAs is consistent with this hypothesis. In Arabidopsis and
other seed plants, the CesA family is part of a larger super-
family that includes six families of cellulose synthase-like (Cs/)
genes of unknown function resembling bacterial CesAs in do-
main structure (37). The McCesAs most closely resemble mem-
bers of the CesA family, based on the presence of the charac-
teristic zinc-binding, CR-P, and CSR domains. Although
tobacco Csl genes were amplified with primers similar to those
used in this study (12), no Csl sequences were amplified from
M. caldariorum DNA.

Rosette terminal complexes appear to have arisen among
the charophytes, the group of green algae thought to be most
closely related to land plants (23, 29). Whereas the linear
terminal complexes of the chlorophyte green algae are similar
to those of Acetobacter and Dictyostelium (8, 17, 44), land
plants and two orders of charophyte green algae (Charales and
Zygnematales) have rosette terminal complexes (44). The
striking similarity between McCesAs and those of seed plants is
consistent with the hypotheses that acquisition of their shared
zinc-binding and CSR domains and specific features of the
CR-P accompanied the origin of rosette terminal complexes
and that these domains and features may be involved in the
assembly or function of the rosette. The putative role of the
zinc-binding domain in protein-protein interaction is consis-
tent with this interpretation (26). In addition, McCesAl’s de-
duced amino acid sequence is identical to that of wild-type
AtCesAl in the 20 amino acids upstream of TMH3. In the
Arabidopsis rswl mutant, this region includes a V-for-A sub-
stitution that results in dissociation of rosettes, indicating that
the A and surrounding amino acids may be involved in main-
taining rosette integrity (2).

The terminal complexes of the two earlier-divergent orders
of charophyte green algae (Klebsormidiales and Chloroky-
bales) have not been examined. Analysis of the terminal com-
plexes and CesA genes in these groups and the CesAs of chlo-
rophyte green algae with linear terminal complexes may
further reveal the relationship between Ces4 domains and
terminal complex organization. Additional insight might be
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gained from examining the Ces4 genes of C. scutata in the
order Coleochaetales, which appears to have diverged from the
land plant lineage after the Zygnematales but before the
Charales (23). The taxonomic position of C. scutata (23) is
consistent with the hypothesis that its unique eight-particle
terminal complex (32) was derived from a rosette.

Multiple McCesA genes. Our identification of several
genomic clones very similar to McCesA1 parallels results ob-
tained in a screen of the same genomic library for phytochrome
genes. To determine whether the similar phytochrome clones
were alleles or distinct genes, Lagarias et al. (27) sequenced
phytochrome fragments amplified from populations grown
from single cells. Each of these clonal populations contained
two or more very similar phytochrome genes, indicating that
these similar genes are present within the genome of a single
individual. M. caldariorum is expected to be haploid like other
members of the Desmidiaceae, but polyploidy cannot be ruled
out (27). By analogy, these data indicate that clones very sim-
ilar to McCesAI represent separate genes, unless the popula-
tion from which the library was derived is polyploid. The
McCesAs represented by Mc2 to Mc4 are distinct from McC-
esAl based on substantial sequence divergence. Although we
identified numerous genomic clones similar to McCesA1 and
the Mc1 PCR product, we found none corresponding to Mc2 to
Mc4, even when only probes based on Mc2 were used for
screening. The genes corresponding to Mc2 to Mc4 may be
poorly represented in the genomic library. However, the clon-
ing of three PCR products that are similar to each other but
distinct from Mc1 and McCesA1 indicates that M. caldariorum
has at least two CesA genes and possibly six or more.

Seed plants have moderately large families of CesA genes. In
Arabidopsis, expression analysis and genetic complementation
studies have revealed that many of the 10 members of the CesA
gene family serve distinct functions. For example, AtCesA4
(20), AtCesA7, and AtCesAS8 (41) are expressed during second-
ary cell wall synthesis in vascular tissue whereas ArCesA46 (13),
AtCesAl, and AtCesA3 (40) are expressed in expanding cells.
However, even CesAs with identical expression patterns, such
as AtCesA7 and AtCesA8 or AtCesAl and AtCesA3, cannot
complement mutations in the coexpressing paralog (40, 41).
These observations led to the hypothesis that rosette terminal
complexes are assembled from at least two different CesA
isoforms (see reference 35 for a review). Although M. caldari-
orum is unicellular, its cell division cycle includes distinct
phases of wall deposition, such as cell plate formation during
cytokinesis and primary and secondary cell wall deposition.
The multiple McCesAs may be required for the different
phases of cell wall deposition or for the assembly of rosettes
composed of multiple CesA isoforms.

Phylogenetic analysis of McCesA genes. Phylogenetic analy-
sis confirmed the high similarity between M. caldariorum and
seed plant CesAs inferred from the alignments of deduced
amino acid sequences. The possibility of the divergence of
McCesAl before the diversification of seed plant CesAs was
weakly supported. Our analysis is consistent with previously
reported topologies for seed plant CesAs with the exception of
the position of ArCesA7, which varies between our parsimony
and neighbor-joining trees and also among published phylog-
enies (20, 37, 46).

The AtCesA genes have been classified according to their
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expression patterns; i.e., type I is expressed in developing vas-
cular tissue (ArCesA4, AtCesA7, and AtCesAS), type 1I is ex-
pressed in expanding tissue (AtCesAl, to AtCesA,3, AtCesAS,
and AtCesA6), and type III finds limited expression in floral
organs and leaf-stem junctions (ArCesA9, and AtCesA10)
(D. P. Delmer, R. Eshed, P. Hogan, M. Doblin, D. Jacob-Wilk,
L. Peng, A. Roberts, and D. Holland, Abstr. Quadr. Joint
Annu. Meet. Am. Soc. Plant Biol. Can. Soc. Plant Physiol.,
abstr. 510, 2001). CesA phylogenies show that type I A¢CesAs
form a clade with other CesAs expressed during secondary cell
wall deposition and that type II and type III CesAs are distrib-
uted between two major clades (20, 37, 46). In our analysis, the
two McCesAs occupy a separate clade with strong bootstrap
support, indicating that CesAs specialized for primary and sec-
ondary cell wall deposition diverged after the origin of land
plants.

When alignments (Fig. 4) and gene phylogenies (Fig. 6) are
considered together, some interesting patterns emerge.
McCesAl has the longest N terminus of any of the CesAs
analyzed and includes a unique sequence block and sequence
blocks found in the other CesAs (Fig. 4). Thus, it appears that
diversification of seed plant CesAs has involved the deletion of
several sequence blocks. The Arabidopsis type 1 and related
seed plant CesAs have lost the greatest number of N-terminal
sequence blocks. The structure of the CSR region has been
used previously to group the CesA genes of rice into different
classes (46). Although the McCesA1l CSR is similar to those of
seed plants, it cannot be assigned to one of the previously
described classes based on the organization of the CSR.

Work is under way to examine the CesAs of algae with
diverse types of terminal complexes in an effort to identify
domains that may be involved in terminal complex structure
and assembly. Analysis of expression patterns of CesAs in
algae may also provide insight into the evolutionary origin of
nonidentical pairs of CesAs and their roles in terminal complex
assembly and microfibril synthesis.
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