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An RNA probe complementary to the endoglucanase 3 gene (cel-3) of Fibrobacter succinogenes S85 hybridized
to chromosomal DNAs from isolates representing the genetic diversity of the genus. The probe was subse-
quently used to identify putative cel-3-containing clones from genomic libraries of representative Fibrobacter
isolates. Comparative sequence analyses of the cloned cel-3 genes confirmed that cel-3 is conserved among
Fibrobacter isolates and that the ancestral cel-3 gene appears to have coevolved with the genus, since the same
genealogy was inferred from sequence comparisons of 16S rRNAs and cel-3 genes. Hybridization comparisons
using a xylanase gene probe suggested similar conservation of this gene. Together the data indicate that the
cellulolytic apparatus is conserved among Fibrobacter isolates and that comparative analyses of homologous
elements of the apparatus from different members, in relationship to the now established phylogeny of the
genus, could serve to better define the enzymatic basis of fiber digestion in this genus.

Fibrobacter is one of the genera comprising the major cellu-
lolytic bacteria of the rumen and cecum (20, 41). Comparative
16S rRNA sequencing studies initially established Fibrobacter
as a genetically diverse yet phylogenetically coherent genus
(31) composed of two well-resolved lines of descent (species).
This finding was confirmed by additional comparative sequenc-
ing and genomic DNA similarity studies (1). Prior to these
studies, all isolates were classified as strains of a single species
(previously Bacteroides succinogenes). Although great genetic
diversity is now apparent (ca. 92% 16S sequence similarity and
less than 20% DNA homology between the two named Fi-
brobacter species), there are as yet no well-defined physiolog-
ical traits that reflect this diversity.

For a variety of reasons, particularly the relatively recent
recognition of the great genetic diversity within the genus,
strain S85 of Fibrobacter succinogenes (the type species) has
been most studied (9). The cellulolytic properties of that or-
ganism have been a research focus and demonstrated that
fibrobacters, as is characteristic of other cellulolytic organisms,
possess multiple polysaccharidases (e.g., cellulases and xyla-
nases) with different substrate specificities and gene sequences
(6, 9, 27, 28). To date, six different polysaccharidase gene
sequences from Fibrobacter isolates are available in GenBank.
At least nine additional cellulase and four xylanase genes have
been identified in F. succinogenes S85 (27, 28).

The available data suggest that the overreaching and defin-
ing characteristic of the genus Fibrobacter is the capacity to
release glucose and glucose polymers from plant cell walls
(fiber digestion), the near-exclusive substrates for character-
ized members of the genus. However, two immediate questions
arise. What is the subunit composition of the fiber-depolymer-
izing apparatus, and what unique characteristics define the
distinct genealogical lineages within the genus? Given that
these organisms are specialists in fiber digestion, we anticipate
that the defining differences may be found within the enzyme
systems participating in plant polymer degradation by individ-
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ual organisms. If so, it is important to study the cellulolytic
properties of Fibrobacter spp. comparatively. This was in part
the motivation for the present study.

Since the genus is phylogenetically coherent, it is plausible
that the immediate ancestor of the genus was cellulolytic. If so,
then the cellulolytic apparatus of contemporary members may
in part be derived from the ancestral type through speciation
(orthologous) and in part from lateral transfer of genes asso-
ciated with fiber digestion, originating from within the genus or
from without. Since the cellulolytic apparatus is complex, the
identification of enzymes present in the ancestor should pro-
vide a useful framework for identifying the core elements of
the contemporary apparatus. For example, polysaccharidases
not present in the ancestor may in part define lineage-specific
differences, whereas conserved components would be antici-
pated to serve common roles in fiber digestion. The identifi-
cation of individual enzyme origin can be approached through
phylogenetic analyses of the enzymes in relationship to the
phylogeny of the genus. If the enzymes are orthologous, then
the phylogeny of the enzymes should parallel that of the or-
ganisms with which they are associated. Our past studies ex-
amined phylogenetic relationships within the genus by using
16S rRNA sequencing and DNA homology (1, 31). In this
study we demonstrate that endoglucanase 3 gene (cel-3), first
identified in F. succinogenes S85 (6), is conserved within the
genus and that its sequence divergence parallels speciation
within the genus. A similar parallel relationship was suggested
by hybridization analysis of a conserved xylanase. Thus, the
cel-3 and possibly xylanase genes appear to be conserved com-
ponents of the ancestral cellulolytic apparatus.

MATERIALS AND METHODS

Bacterial strains and plasmids. Cultures of F. succinogenes and F. intestinalis
were grown at 37°C in 2XAB broth (26) with cellobiose as the sole carbon source.
Escherichia coli LE392 and P2392 (Stratagene, La Jolla, Calif.) were used as
hosts for lambda phage and grown in TB media (5 g of NaCl and 10 g of tryptone
[Difco, Detroit, Mich.] per liter [pH 7.4]) supplemented with 10 mM MgSO, and
0.2% maltose. E. coli IM109 was used as the host for plasmid pGEM3Zf(—)
(Promega, Madison, Wis.) and was maintained on 2XYT medium (16 g of
tryptone, 10 g of yeast extract (Difco), and 10 g of NaCl per liter [pH 7.4]).
Plasmids pRE3 and pBx7, containing 2.3- and 3-kb fragments encoding the
endoglucanase 3 and xylanase genes, respectively, from F. succinogenes S85 were
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kindly provided by C. Forsberg (University of Guelph, Guelph, Ontario, Cana-
da). The pRE3 clone was subsequently subcloned (during this research) in the
BamHI site of pGEM and designated pRE3-GEM; a 2.3-kb KpnI-PstI fragment
of pBx7 was subcloned in pGEM and designated pKP/P-GEM.

Heterologous hybridization. Genomic DNA was isolated by using a modified
Kirby-Marmur procedure (1, 29). Digestion with restriction enzymes (EcoRI,
BamHI, HindIIl, and PstI) was carried out as specified by the manufacturer
(BRL, Gaithersburg, Md.). Digestion products were separated by electrophore-
sis on 0.6% agarose gels in Tris-acetate-EDTA (TAE) buffer and visualized by
ethidium bromide staining (35). DNA fragments were prepared by depurination
in 0.2 N HCI (two times, 15 min each) followed by denaturation in 0.4 N NaOH
(two times, 15 min each) and subsequently transferred to a nylon membrane
(Bio-Rad, Richmond, Calif.) under alkaline conditions (0.4 N NaOH) with a
vacuum transfer apparatus (35). The membranes were baked for 2 h at 80°C
prior to hybridization.

RNA transcripts radiolabeled with 3?P (riboprobes) were synthesized from
plasmids pRE3-GEM and pKP/P-GEM as specified by the manufacturer (Pro-
mega). Plasmids pRE3-GEM and pKP/P-GEM were first linearized with HindIII
and Pstl, respectively. The linearized plasmids were extracted with an equal
volume of phenol-chloroform equilibrated with TE (10 mM Tris-HCI, 1 mM
EDTA [pH 8.0]) and recovered by ethanol precipitation. The riboprobe reaction
mix contained 0.6 p.g of DNA, 100 pCi of [«-*?P]CTP (ICN Biomedicals, Irvine,
Calif.), and 10 U of bacteriophage T7 RNA polymerase (BRL) in 1X T7 buffer
(40 mM Tris-HCI, 6 mM MgCl,, 10 mM dithiothreitol, 50 pg of bovine serum
albumin per ml, 4 mM spermidine, 0.4 mM each ATP, GTP, and UTP, 0.08 mM
CTP [pH 7.5]) at 37°C for 30 min. The labeled transcript (probe) was separated
from unincorporated nucleotides by using a Nensorb 20 column (DuPont Cor-
poration, Wilmington, Del.) according to manufacturer’s specifications, using
50% methanol for elution.

Hybridization and all wash steps were carried out in rotating glass tubes, using
a convective hybridization incubator (Robbins Scientific, Sunnyvale, Calif.). The
membranes were first wetted in hybridization buffer [6X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate), 0.5% (wt/vol) sodium dodecyl sulfate (SDS),
10X Denhardt’s solution (35), 40% (vol/vol) formamide, 100 pg of poly(A)
(Sigma, St. Louis, Mo.)] and incubated (prehybridized) in 5 ml of hybridization
buffer at 40°C (low stringency) or 50°C (high stringency) for at least 1 h with
hybridization buffer. Labeled transcript was then added to approximately 10°
cpm/ml, and hybridization continued overnight (12 to 16 h). Membranes were
washed with 2X SSC-0.5% SDS at 40°C (low stringency) or 50°C (high strin-
gency), air dried, and exposed to Kodak XRP film (Eastman Kodak Co., Roch-
ester, N.Y.).

Genomic DNA (100 pg) was partially digested with Sau3A or Mbol (BRL).
The digested products were fractionated on 10 to 40% linear sucrose gradients
(35) by centrifugation at 29,000 rpm (140,000 X g, 20 h at 20°C) using a Beckman
SW41 rotor. Fractions were collected through a needle inserted in the bottom of
the centrifuge tube. DNA fragments of approximately 10 kb were used for
ligation with BamHI-digested lambda-Dash (Stratagene, La Jolla, Calif.) accord-
ing to manufacturer’s instructions. The ligation reaction product was packaged in
phage lambda by using a Gigapack Gold kit (Stratagene) and titered on E. coli
LE392. Subsequent manipulations of the phage used E. coli P2392 as the host to
limit recombination.

Clones containing cel-3 were identified by using the riboprobe transcribed
from pRE3-GEM, and isolation was verified by four serial plaque hybridizations
(35). Hybridization conditions were the same as used for the low-stringency
hybridization specified above. Restriction maps were constructed by both com-
plete and partial digestion techniques (35). Two synthetic oligonucleotide probes
(5'-TACGACTCACTATAGGG-3" and 5'-CTAAAGGGAACGAATTCG-3'),
complementary to the T7 and T3 promoter regions, respectively, were used for
partial digestion mapping. The probes were 5’ end labeled with [y->?P]ATP,
using polynucleotide kinase (40). The recombinant lambda DNA was partially
digested with selected restriction enzymes, and the partial digestion products
were separated on agarose gels. The DNA was then transferred to nylon mem-
branes by the vacuum transfer method previously described (35) and hybridized
with either 3?P-labeled oligonucleotide probe. The sizes of the fragments hybrid-
izing to either probe were determined by comparison with molecular weight
standards following exposure to X-ray film. Completely digested lambda DNA
was hybridized with the cel-3 riboprobe, and the appropriate fragments were
subcloned into the pGEM plasmid specified above for sequence determination.

Sequence determination and analysis. Sequences of Fibrobacter cel-3 genes
were determined by using the double-strand dideoxy sequencing method (35).
The nested deletion method using an exonuclease III-mung bean nuclease de-
letion kit (Stratagene) was employed to reduce subcloning of internal restriction
fragments. Certain regions were sequenced by using specific synthetic primers
designed on the basis of flanking sequence information. Sequences were deter-
mined from both strands for F. succinogenes A3c and REH9-1 and F. intestinalis
DR7.

Sequences obtained were analyzed with the GDE sequence editor (24) and
PHYLIP (7) software packages. Phylogenetic trees were constructed from evo-
lutionary distances estimated for each inferred amino acid sequence pairs by
using the Fitch-Margoliash and least-squares methods (FITCH) with evolution-
ary clock (KITSCH) as well as neighbor-joining and UPGMA (NEIGHBOR)
program in the PHYLIP package. Pairwise nucleic acid sequence similarities

J. BACTERIOL.

1 2 3 45 6 7 8 910 11 12 13 14 15

9.4 kb —

4.3kb —

2.0kb — 5 i

FIG. 1. Southern analysis using an RNA probe transcribed from the cel-3
gene from F. succinogenes S85. The genomic DNA was digested with HindIII.
Lanes: 1 to 10, F. succinogenes MM4, MB4, HM2, S85, A3c, B1, BL2, REH9-1,
GC5, and MC1; 11 to 15, F. intestinalis JG1, LH1, DR7, Cla, and NRO.

were estimated with an alignment editor (AE2) (24), using the Jukes and Cantor
(22) correction and considering only the homologous positions.

Nucleotide seq e accessi bers. cel-3 gene sequencer for F. succino-
genes A3c, F. succinogenes REH9-1, and F. intestinalis DR7 can be obtained from
GenBank under accession numbers 139838, 1.39839, and L39840.

RESULTS

Riboprobes transcribed from the cel-3 and xylanase genes of
F. succinogenes S85 hybridized to restriction fragments of most
strains characterized (Fig. 1 and 2). Generally, strong hybrid-
ization was observed for only one or two restriction fragments
from each, although numerous bands of lesser intensity were
evident in some. All strains, with the apparent exception of
strains Cla and NR9 (lanes 14 and 15), demonstrated hybrid-
ization to the cel-3 probe. All strains hybridized to the xylanase
gene probe under the specified conditions of hybridization and
film exposure. Further hybridization studies of F. succinogenes
A3c and REH9-1 and F. intestinalis DR7, using a higher hy-
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FIG. 2. Southern analysis using an RNA probe transcribed from a 2.3-kb
Kpnl-Pstl fragment of the xylanase gene from F. succinogenes S85. The genomic
DNA was digested with HindIII. The order of strains applied to each lane is the
same as in Fig. 1.
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FIG. 3. Fibrobacter phylogeny based on comparative 16S rRNA sequence
analysis and using the 16S rRNA sequence of C. thermocellum as an outgroup.
An asterisk indicates that a genomic library has been constructed for the strain.

bridization and washing stringency, demonstrated hybridiza-
tion of the cel-3 probe to only one restriction fragment, sug-
gesting the presence of one gene copy.

The intensity of hybridization generally reflected the relat-
edness of individual strains to F. succinogenes S85, the source
of the cel-3 and xylanase gene probes. Phylogenetic relation-
ships among members of the genus, inferred from 16S rRNA
sequence divergence, are represented in Fig. 3. In general, the
hybridization signal decreased with decreasing phylogenetic
relationship. Although hybridization was not evident for two
strains of F. intestinalis (Cla and NRY), the presence of a
homologous gene in these strains was supported by identifica-
tion of a single antigenically related band on total protein
polyacrylamide gels in strain NR9 (25). Strains NR9 and Cla
are related at approximately 95% DNA homology (1).

The restriction digestion analysis also revealed a restriction
site modification common to representatives of F. succinogenes
lineage composed of strains HM2, MM4, and MB4. Modifica-
tion of the GATC sequence common to Sau3A and BamHI
restriction enzymes was suggested by failure of these enzymes
to digest genomic DNA isolated from these strains. Modifica-
tion of the cytosine nucleotide within the common recognition
sequence was indicated by the ability of an isoschizomer of
Sau3A, Mbol, to restrict the DNA. Although of little determi-
native value, the presence of a restriction site modification
common to, and restricted to, this group is consistent with the
phylogenetically based classification.

Genomic libraries were constructed in a phage lambda clon-
ing vector for selected strains representing the diversity of the
genus Fibrobacter now recognized in pure culture (Fig. 3).

CONSERVATION OF THE cel-3 GENE AMONG FIBROBACTERS
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Clones hybridizing to a labeled RNA transcript of the F. suc-
cinogenes S85 cel-3 gene were isolated from phage libraries of
F. succinogenes REH9-1, A3c, MC1, and HM2 and F. intesti-
nalis DR7 and partially mapped prior to sequence analysis.
More extensive mapping of five overlapping cel-3-positive
clones from F. succinogenes A3c was completed as shown in
Fig. 4. A 2.5-kb region containing the putative cel-3 gene from
this strain, flanked by SphI-HindIII restriction sites, was sub-
cloned in pGEM for sequence determination. Riboprobes gen-
erated from each of the cloned genes hybridized specifically
with the restriction fragment corresponding to the dominant
hybridization signal in Fig. 1. We have not examined hybrid-
ization of these riboprobes to restriction digests of all repre-
sentative strains, and the presence of a homologous gene in F.
intestinalis Cla and NR9 has not yet been demonstrated by
hybridization or sequence analyses. However, as noted earlier,
a polyclonal antibody raised against the F. succinogenes en-
zyme recognizes a single protein band resolved by one-dimen-
sional polyacrylamide gel electrophoresis of F. intestinalis NR9
total protein (25). Although F. intestinalis Cla has not been
examined for the presence of an antigenically related protein,
it has 95% DNA homology with strain NR9 (1) and is antici-
pated to possess it. Thus, these data suggest the presence of a
homologous gene in strains Cla and NR9 that was not iden-
tified by the heterologous probe at the stringency of hybridiza-
tion used in this study.

Nucleotide sequences of the putative cel-3 genes from Fi-
brobacter strains and the homologous sequences of the genes
for cellodextrinase A from F. succinogenes S85 and endoglu-
canase C from Clostridium thermocellum (36) were manually
aligned, using conserved nucleic acid and amino acid sequence
motifs. The aligned amino acid sequences is shown in Fig. 5.
The inferred amino acid sequences of cellodextrinase A from
F. succinogenes S85 and endoglucanase C from C. thermocel-
lum lack the amino-terminal sequence common to cel-3 (about
330 amino acids). As discussed below, the C-terminal region
corresponds to the catalytic domain of these enzymes.

Phylogenetic trees were constructed from the inferred
amino acid sequences for the C-terminal region as well as the
presumed N-terminal cellulose binding domain (CBD) (Fig.
6). All methods of inference generated identical tree topolo-
gies. Identical relationships were inferred with either the N- or
C-terminal region or the entire sequence. DNA similarity val-
ues for each pair of sequences corresponding to the N-terminal
domain and the C-terminal domain are shown in Table 1.
Strains with the greatest 16S rRNA similarity (F. succinogenes
S85 and A3c) also exhibited the most similar cel-3 gene se-
quences. C. thermocellum and Fibrobacter spp. have about 80%
16S rRNA similarity. The clostridial endoglucanase C gene
(clocelca) is about 42% similar to the C-terminal domain of the
Fibrobacter cel-3 genes. The cellodextrinase gene from F. suc-
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FIG. 4. Restriction map of the cel-3 gene and its flanking regions of F. succinogenes A3c. The region between Sphl and HindIII (thick line) was subcloned in pGEM
as pGA3c. The cel-3 coding region is within the up-pointing arrows. Abbreviations: B, BamHI; E, EcoRI; H, HindIIL; P, Pstl; S, Sall; Sp, Sphl; Ss, Sstl; Xb, Xbal; X,

Xhol.
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A3c 0 MQLKKFYPQISILGIATVMAL--SACGDDNTQIPLPSDPGSEIRDS-----~ IPNNNPQPGTDSIPAIDTTSTDTSKTLPPTELPAEGPITLPQGLGVLV
sS85 0 MQLKNFYPKMSVLGIATVMAL--TACGDENTQALFANNPVPGAENQ-——-—-- VPVSSSDMSPTSSDAVIDPTSSSAAVVDPSTLPAEGPITMPEGLGTLV
9-1 0 MNFKT--KSSLALSAAALLFL-~-SLCGDDSSKSAAPDEPAVNPTDSTTIPTPLPTDSTTVPADSTANPTDSSAATNPTVDPSTLPAEGP ITLPEGKGLLYV
DR7 0 MRFRNL----ALISAASAFALWTSACSDDKS - -~ ~=—~~~ SAPEEDAPLVSSVVEESSSSVADKNDPESSSSDSTTASSSSIAAPTN-~--==—==-= GLLL
cedA 0 MR = = m s o e e e e e e e e e o
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A3c 92 DDFEDANHES-KIGDFWYTYDDKDNGGASSIVTPLNDDGDIMPGRVNNGSNYALQVNY TLDRGEYEYDPYVGWGLQITEDSANGRFGGITYWYKGGAHEV
sS85 92 DDFEDGDNLS -KIGDYWYTYNDNDNGGASIITTPLNEEENI I PGRVNNGSNYALQVNY TLDRGDYEYDPYVGWGVQVAPDEANGHFGGLTYWYKGGAHEV
9-1 96 DDFEDGDNHSATIDNYWYTYSDNDNYCASVITTPVNEDGDIIRGAVNNGSKYALQVNYTLDKGEYAYDPYVGWGIQVAEDDANGRFGGITYWYKGGAHEV
DR7 78 DDMEDGDG~GTSIGSGWY TYNDNDNKAASVITTPVDESGNPIASPTDNGSSYAFKVEFTLDKGDYAYDPYVGWGFEVRARR-RQQVSGIRYSYKGAAHY T
cedA 2 e ittt
celC 2 e -
A3c 191 HIEVSDVKDYDVHLAKVPASRSWKQAVIRFKDLVQGGWGEEVVFDAKHLKAISFQAKGSKSKVMTDSLF IDNIYLQDTSEVEKDQPDMEIKDPVIPTVTF
385 191 HIEITDVEDYDVHLAKFPASRTWKQAVVRFKDLVQGGWGKEIPFDAKHIMAISFOAKGNKSKLVTDSLF IDNIYLQDSSEVEKDQPDMEIKDPVIPVVEF
9-1 196 HIEISDVTDYDVHLAKVKASRTWTQAVIRFKDLVQGGWGAEVPFDAKHIRAISFQAKGN-AKVTSDSLFIDNIYLQDTSEVEADKPDMTINDPVIPKIEF
DR7 176 HVETSDVIDYDVHLSAVKKSDTWTTVTIDFNNLVQGGWGERVAFDPAHVTINISFQVKGN-GKV--DSVMIDDVYFIMEEDLPPKTADMTIHAPQVISPNI
cedA 2
celC 2
A3c 291 TEAEITVTNPLQEKAMKYLNKGVNFTNWLENADGKFKS~FELGEKDVQILAENGFKSLRLPIDLDLYATNRDAFVKGTDTELK - -FDDDTLFLVLDSFVE
sS85 291 TEAEITVINPLOEKAMKYLNKGVNFTNWLENADGKFKS -FELGESDVK ILADNGFKSLRLPIDLDLYATNRDAFIAGTDTELK--FDDDTLFLVLDSFVE
9-1 295 TEAEITVTSPLQAKAMKYLNKGINFTNWLENADGKFKE-LLFDATDIKLLADNGIKSLRLPIDLDLYATNRDAFVKDTTGTVKLAFDDSTLFTVLDSFVE
DR7 273 --GDITISTPLOQEKAMKYLDKGVNFTNWLEEADGKF TGKFELGENDVKILSENGFKALRLPIDLDLYVDNRAEYLADTTGTVKLOMNDS - IY IVLDSFVN
cedA 39 LGTSDFKRIHDAGFNHVRLPVD-~~Y - - - ---FNLFKGDDLK-P-DEEI ~-FALLDKALK
celC 28 ITEKDIETIAEAGFDHVRLPFD---Y~~=~=m~m PIIESDDNVG-EYKEDG-LSYIDRCLE
A3c 388 WTGKYNMSLVIDYHEY -DNSYNTTSVKDTNYI~—-—-- KMMAEVWKHVAAHYAESPREDLFFELLNEPDMSDGKVTAAQWTVAAQAMIDAIRTVDTKHTI
585 388 WTAKYNMSFVIDYHEY -DNSYNTTSAKDPNYI - -~ - - -KMMAETWKHVAAHYAESPREDLFFELLNEPDMSDGKVTAATWTTAAQAMIDAIRTVDTKHT I
9-1 394 WTGNYNMSFVIDYHEY -DNSYNATSAKDNKYI~~----QMMAETWKHVAAHYAENTREDIFFELLNEPDMSAGKVTAAQWTVAAQAMIDSIRSVDKKHTI
DR7 370 WIKRYGMSLTIDYHEY-DNSYNVTTSTDAKYL--~~-- AMMANVWKAVAAHYASNEREDLFFELLNEPDMKDGKVTQANWTIAAQGMIDSIRTVDTKHTI
cedA 86 DIQNADLDVILDLHKCPGHDFHLASNHEQAFFADANARKDTRKIWAFMAERY -SS-MPRVMMELLNEPAASDSKV - - - -WDKVKDEIFWEIRKHAPKNT I
celC 76 WCKKYNLGLVLDMHHAPGYRFQ--DFKTSTLFEDPNQOKRFVDIWRFLAKRY INE-REHIAFELLNEVVEPDSTR - - - -WNKLMLEY IKAIREIDSTMWL
A3c 481 LFGDAQWYSISLLAKRTPFTDDNI IYVIHTYEPFAFTHQGGSWTDYATIHDIPFPYDPARKWSTVSGDFGVNKSTKAYVKTNIKNYYKTG SKEAIL
sS85 481 LFGDAQWYSITLLAKRTPFTDDNIIYVIHTYEPFAFTHQGGSWTDYATIHDIPFPYDPAKWSTVSGDFGVNKSTKSYVRKTNIKNYYKTG--—-~-SKEAI
9-1 487 LFGDAQWYSISLLAKRTPFTDDNIVYVIHTYEPFAFTHQGGSWTDYATIKGIPFPYDPAKWSTVSGDFGVTKSTQSYVKSNIKNYYKTG- ~
DR7 463 IFGDAQWYSIALLAKRTPFTDDNIIYAVHSYEPY IFTHQGASWTEASS IKNLPFPYDTTKWSVYSSDFGVNASTASWIKSAVKNYYKTG
cedA 180 VVGANKWNSAREFEFLTPLDDDNAIYSFHTYTPVTFTHQGAAWID-—— - DPF-FKIER--PWPGDYA---APE--VGGTTR----LNVEYGRWDKAQL
celC 169 YIGGNNYNSPDELKNLADIDDDY IVYNFHFYNPFFFTHOKAHWSE-——--- SAMAYNRTV--KYPGQYE---GIEEFVKNNPKY SFMMELNNLKLNKELL
A3c 575 LEQILKAKKWAATNNVPVIINEFGALNLRSTAESRINYLTAMREICDTLQIPWTHWGYTG-NFSVIENGKLIEGLDKALGVG-——~~~~=====~—=
sS85 575 LEQILKAKKWAATNNVPVIINEFGALNLRSTAESRLNYLTAMREICDTLQIPWTHWGYTG-NFSVIENGKLIEGLDKALGVGS - ———~=====—=———
9-1 581 MVEILKAKKWAATNNVPVIINEFGALNLRSTAQDRLNYLTAMREICDTLQIPWTHWGYTG-NFSLFEGGSQGNQAHRRYRQGPWLGAA -

DR7 557 LNQIYTAKKWAVENQVPVIINEFGAYNVASTAEDRLNYLTAVRESCDSLQVPWQHWGYTG-GFEVIRDGKLIDGMDKALGL - ~~-———-————————-—
cedA 262 QASTIONALDFRAKYDLPVSCNEFGVY -VQVPRKYQLAWMRDFLDILRDADVGY SYWNYKNLDFGLVSKGESLHNNLEQYNNPERLDRELMEMIA - ~KG*
celC 258 RKDLKPAIEFREKKKCKLYCGEFGVI-AIADLESRIKWHEDY ISLLEEYDIGGAVWNYKKMDFEIYN=-- - === =====~ EDRKPVSQELVNILARRKT*

FIG. 5. Aligned amino acid sequences of endoglucanase 3 of Fibrobacter spp., cellodextrinase (cedA) of F. succinogenes S85, and endoglucanase C (celC) of C.

thermocellum.

cinogenes S85 is related to the C-terminal domain of cel-3 at
about the 48% similarity level.

DISCUSSION

Functional domains of endoglucanase 3 of Fibrobacter spp.
On the basis of sequence similarities, endoglucanase 3 and
endoglucanase C, encoded by cel-3 of Fibrobacter spp. and
clocelca of C. thermocellum, respectively, and the cellodextri-
nase (encoded by celca) from F. succinogenes S85 are members
of the A3 cellulase family (11). However, the celca and clocela
genes are approximately half the size of cel-3. The derived
amino acid sequences align only with the C-terminal region of
endoglucanase 3. The C-terminal region appears to be the
catalytic domain (CD). The celca gene product, endoglucanase
C, is enzymatically active (34, 37) against carboxymethyl cellu-
lose and p-nitrophenolcellobioside. A truncated cel-3 gene
product (containing only the C-terminal region from F. succi-
nogenes S85 [30] and A3c [25]) expressed in E. coli also re-
tained catalytic activity on carboxymethyl cellulose and p-ni-
trophenolcellobioside. Amino acid residues important to
catalytic activities (2, 3) were found to be conserved in the
C-terminal domain of the cel-3.

The N-terminal region of endoglucanase 3 is also conserved
among Fibrobacter spp. and has been suggested to be a CBD
(30) even though this function has yet to be directly demon-
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C.thermocellum
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‘"——————————— DR7
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FIG. 6. (A) Phylogenetic tree based on comparative analysis of the amino
acid sequences deduced from the cel-3 gene of Fibrobacter spp., the cedA gene
from F. succinogenes S85, and the celC gene of C. thermocellum, using the FITCH
program in the PHYLIP package (7). Only the C-terminal 270 amino acids were
considered. A phylogenetic tree based on comparative 16S rRNA sequence
analysis (1) is presented for comparison (B).
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TABLE 1. Nucleic acid sequence similarity data“

cel-3

cedA celC

A3c S85 REH9-1 DR7

cel-3

A3c 91.1 82.1 69.7 49.1 43.2
S85 81.6 82.7 70.5 48.8 42.7
REH9-1 78.2 78.8 68.9 47.7 40.2
DR7 60.6 60.2 62.5 44.8 40.5
cedA NA NA NA 44.9

celC NA NA NA NA

“The lower left half is the similarity value (percentage) between pairs of
nucleic acid sequences corresponding to the N-terminal region (amino acids 89
to 269 of F. succinogenes S85). The upper right half corresponds to the C-
terminal domain (270 to stop codon). NA, not applicable.

strated. Additionally, it contains a putative lipoprotein signal
sequence for cleavage (13, 30), with two basic amino acids
preceding the consensus sequence L-X-Y-C. Interestingly,
there are other carbohydrate hydrolases suggested to be li-
poproteins. These include an endoglucanase from Pseudomo-
nas solanacearum (18), two pullulanases from Klebsiella pneu-
moniae and K. aerogenes (5, 23), and a chitobiase from Vibrio
harveyi (39). The significance of this covalent modification is
unknown, but it has been suggested that the lipid serves to
retain hydrophilic proteins in the vicinity of the cellular mem-
brane (45) and thus ensure the availability of enzymatic diges-
tion products to the bacteria. A phase separation study using
Triton X-114 provided indirect physical evidence for the cel-3
gene product of F. intestinalis DR7 being a lipoprotein, as the
cel-3 gene product from F. intestinalis DR7 was demonstrated
to partition in the Triton phase (25).

A stretch of linker sequence (11) rich in serine, threonine,
and proline immediately follows this putative signal sequence
and precedes a more conserved part of the N-terminal region.
Thus, endoglucanase 3 appears to be organized as linker-CBD-
CD. However, the putative linker sequences are highly vari-
able. F. intestinalis DR7 has a much shorter linker sequence.
Sequences following the linker (about 180 amino acids in
length) are more conserved. It is apparent from Table 1 that
the 180-amino-acid sequence of the N-terminal region (posi-
tions 89 to 269, strain S85 amino acid numbering) of endoglu-
canase 3 is less conserved than the C-terminal region (270 to
stop codon 659). Thus, the CD is more conserved than the
putative CBD.

Regulatory features of Fibrobacter cellulase genes. Putative
promoter sequences were identified for F. succinogenes A3c
and F. intestinalis DR7 cel-3 genes. These are very similar to
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those previously identified for F. succinogenes S85 (30). How-
ever, no obvious promoter sequence could be identified in the
sequence of F. succinogenes REH9-1, as shown in Fig. 7. It is
apparent from this figure that the putative cel-3 gene promoter
is very different in organization from E. coli ¢’° and o’-like
promoters (12). The spacing between the putative —35 and
—10 regions appear to vary from 21 to 23 bp, in contrast to the
17 £ 1-bp spacing characteristic of E. coli (12, 32). No consis-
tent promoter organization can be found for Fibrobacter spp.
when the putative cel-3 promoter sequences are compared with
putative promoter sequences from the other glycosyl hydro-
lases included in Fig. 7.

Origin and conservation of cellulase genes. The results of
these comparative studies must be considered in the context of
the extensive collection of sequences for glycosyl hydrolases
now available. This collection, which includes representatives
of all three domains (44), has been classified into various
families based on sequence relationships (11, 15-17). This clas-
sification revealed that there has been frequent transfer of
these genes between the three domains. Additionally, it was
apparent that enzymes having similar substrate specificities
could belong to different glycosyl hydrolase families, and con-
versely, enzymes associated with a single family could have
different substrate specificities. The acquisition of new sub-
strate specificities by glycosyl hydrolases has been suggested to
be a common evolutionary event (15), and cellulase genes have
been shown to evolve by gene duplication (10) or region shuf-
fling (43). In an attempt to reconcile the difference between
functional and phylogenetically based classification schemes, a
new classification system based on amino acid sequence simi-
larities of glycosyl hydrolases has been proposed to comple-
ment the existing Internation Union of Biochemists enzyme
nomenclature (15, 16). The revised classification emphasizes
common structural features of the enzyme rather than com-
mon substrate specificity. This classification scheme is of par-
ticular interest because it implicitly embodies the evolutionary
history of the genes.

Given the now recognized diversity of depolymerizing en-
zymes encoded by individual cellulolytic organisms and their
multiple evolutionary origins, full appreciation of the depoly-
merizing apparatus must include evolutionary considerations.
In this regard, it is essential to distinguish between paralogous
(divergence following gene duplication), orthologous (diver-
gence through speciation), and xenologous (obtained via lat-
eral transfer) genes. This discrimination among glycosyl hydro-
lases is not straightforward, since the specific functions of many
or most of these enzymes have yet to be clearly defined. The
present study suggested that resolution can be assisted by con-
sideration of the evolutionary history of the organism(s) as well

-35 -10 RBS Met
E. coli consensus TTGACA TATAAT AGGAGG
385 ATTCCGATATATCATTTTACATAGCATAAAACCGACCCCAAATATATCTTTGGTAAAAAAGAAAAAATCACCTTAAGAGGGTTTTATG
A3C AACATCAATATCCCATITTCCAGTATTTAGAGCCATGCCTCAAATATATTTTTAGGAAAAAAGAAAACACCCACAAGAGGGCATTATG
REH9-1 TAAGTTCATTTTGTCTATTTAATAATAGATTTAAGGCAAAAAGGGAATTGGGACAACCCAAGGTTTCAAACACAATGAGGTTCACATG
DR7 AAGTATTTAAAAATCAGTATTCAAATTCGTCCTCTTTCTCCGTTTTTCTATATCTTTAATTTAAACCTTTTTAATAGGAGACTTTATG
bdg (E) N/D
cedA TTGAACA (40) AATAA (40) GGACGG(5) ATG
endAfs ATGAAA (16) TATATT (29) GGAGA (5) ATG
gluc (mix) TTGGT (18) TATCTT (41) ATGGAG(7) ATG
xynC TAATGT (24) TATATT (22) GAGGAG(6) ATG

FIG. 7. Putative promoter sequences for Fibrobacter cel-3 genes. Both —35 and —10 regions are underlined. The ribosomal binding site (RBS) is double underlined.
The ATG start codon is marked by a wavy underline. The regulatory features from other Fibrobacter glycosyl hydrolase genes retrieved from GenBank are included
for comparison (4, 21, 30, 33, 42), including an unpublished family E B-1,4-endoglucanase gene, bdg. Numbers in parentheses indicate the number of nucleotides
between the two adjacent features. N/D, not identified. endAg,, endA from F. succinogenes; gluc(mix), mixed-linkage B-glucanase from F. succinogenes.
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as the enzyme systems. This comparison supported the or-
thologous nature of endoglucanase 3 gene (cel-3) of Fi-
brobacter spp., as indicated by congruent genealogies inferred
from sequence divergence of cel-3 genes and 16S rRNAs.
Thus, the cel-3 enzyme is apparently a conserved element
within the depolymerizing enzyme complex of this group of
organisms. This finding implies that a Fibrobacter-like organ-
ism, ancestral to contemporary strains and species, possessed
the progenitor of endoglucanase 3. As yet, we have no under-
standing of the ecological reflection of speciation within this
genus (1). Of some interest in this regard is speculation that
the origin and diversification of Fibrobacter spp. coincided with
the invasion of land in the Silurian (38) by plants with lignin or
lignin-like constituents in their cell walls. If this is so, diversi-
fication of the group in part might coincide with the evolution
of different plant varieties (and associated cell wall types).

Flint et al. also reported gene conservation among fi-
brobacters isolated by using another cloned cellulase as a hy-
bridization probe (8). Huang et al. demonstrated the presence
of cellobiosidase of the same antigenicity among a collection of
fresh Fibrobacter isolates (19). The present study also suggested
that a xylanase gene is conserved among Fibrobacter isolates.

Both endoglucanase C from C. thermocellum and cellodex-
trinase A from F. succinogenes S85 are homologous to the
C-terminal region of endoglucanase 3 of Fibrobacter spp. How-
ever, they are presumably not orthologous, since both lack the
amino-terminal binding domain common to cel-3 (see below).
It is of interest that the sequence of the cellodextrinase A gene
from F. succinogenes S85 is related, but peripheral, to the cel-3
gene sequences. This finding suggests that it is derived from a
gene ancestral to cel-3 but is of more recent origin than that
encoded by the clostridium. However, the available data can-
not distinguish between origin within the Fibrobacter progeni-
tor or via acquisition (xenologous). Additional comparative
sequencing is necessary to provide evidence of origin.

The major implication of these results is that the character-
ized cellulases and xylanases are integral components of a
conserved fiber-digesting apparatus. A similar observation of
coevolution of a complex enzyme system is congruent diver-
gence of the nitrogenase genes and 16S rRNAs of Rhizobium
species (14). However, this observation still begs the question
of what unique attributes define the individual lineages of
Fibrobacter spp. Such attributes might include differential reg-
ulation of expression of conserved elements of the fiber-digest-
ing enzyme array or variation in other enzymes peripheral to
the conserved array.
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