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ABSTRACT The alcohol dehydrogenase (Adh) gene fam-
ily is much more complex in Pinus banksiana than in angio-
sperms, with at least seven expressed genes organized as two
tightly linked clusters. Intron number and position are highly
conserved between P. banksiana and angiosperms. Unlike
angiosperm Adh genes, numerous duplications, as large as 217
bp, were observed within the noncoding regions of P. banksi-
ana Adh genes and may be a common feature of conifer genes.
A high frequency of duplication over a wide range of scales
may contribute to the large genome size of conifers.

It is well-established that nuclear genomes are much larger in
conifers than in angiosperms. In conifers, 2C values (where C
is the total amount of DNA in a haploid nucleus) typically
range from 20 to 50 pg (1), whereas the corresponding values
in angiosperms are typically less than 10 pg and often less than
2 pg (2). However, relatively little is known about the orga-
nization of these large conifer genomes. While the proportion
of repeated DNA is higher than in angiosperms, there is little
relationship between total genomic and repetitive DNA (3).
Nuclear rDNA repeat units are much longer in conifers (4–6)
and Southern blot analyses of pine DNA with cDNA probes
often reveal complex band patterns, suggesting larger gene
families andyor larger genes than in angiosperms (7–10).
One of the best characterized plant gene families codes for

alcohol dehydrogenases (ADH; EC 1.1.1.1), enzymes that play
a central role in anaerobic metabolism (11, 12). Most angio-
sperms express two or three ADH isozymes (13) and Southern
blots generally display a corresponding level of complexity (14,
15). Sequence data are available for Adh genes of a number of
angiosperm species, but relatively little is known about this
gene family in conifers, with the only published sequences
being three partial Pinus radiata Adh cDNAs, likely represent-
ing two loci (7). Typically, two to four ADH isozymes are
observed in pines (16), but P. radiata Adh cDNA clones
hybridize tomany fragments of P. radiata and Pinus taedaDNA
(7) and many diverse genomicAdh clones were recovered from
these species (17). These observations suggest that the Adh
gene family is larger in pines than in angiosperms andyor that
pine Adh genes are larger. We characterized Adh genes in
Pinus banksiana Lamb. (jack pine) to examine these hypoth-
eses. Also, due to the successful development of segregating
PCR-based gene-specific markers, we were able to examine
linkage relationships among Adh loci.

METHODS

Isozyme Analysis. P. banksiana seeds were germinated on
distilled (d) H2O-moistened filter paper in Petri dishes at room
temperature for 8 days, yielding seedling root lengths of 1–2
cm. The germinating seeds were then given either anaerobic
treatment (immersed for 20 hr in dH2O under filter paper) or
aerobic treatment (seeds remained on moist filter paper).

Starch gel electrophoresis (18) was used to examine ADH
enzyme activity in the haploid megagametophytes and diploid
roots of these seedlings.
cDNA Cloning and Characterization. Total RNA was ex-

tracted (19) from pooled aerobically treated megagameto-
phytes of a single tree and from pooled anaerobically treated
seedling roots. Adh cDNAs were cloned by a strategy similar
to a previously described 39-RACE scheme (20). First-strand
cDNA synthesis was initiated from a NotI primer-adaptor and
amplification by the polymerase chain reaction (PCR) was
performed using this primer and F1, a sense primer corre-
sponding to the first 20 bp of coding sequence of P. radiata Adh
cDNA RCS1025 (7). Amplification products were cloned into
pGEM-T (Promega). A small number of the clones were
partially sequenced and antisense primers were designed
within the 39 untranslated region (UTR) of each cDNA class
identified. These class-specific primers, paired with F1, were
then used to screen additional transformants for inserts unlike
those previously encountered. Novel inserts were partially
sequenced and one cDNA from each of the classes identified
was sequenced entirely (both strands).
Linkage Analysis.We identified 10 trees that were heterozy-

gous at the Adh2 isozyme locus and extracted DNA of indi-
vidual megagametophytes using proteinase K and CTAB (21).
We then used the class-specific primers to screen these
megagametophyte DNAs for segregating PCR-based markers
of Adh loci (for detailed information about the primer pairs
used, see GenBank accession nos. U48366–U48372). Seven
trees that were heterozygous for at least three PCR-based
markers each were included in an analysis of linkage. Jointly
segregating trees were available for all 28 two-locus combina-
tions, except AdhC2yAdhC4. For each tree, 29–33 haploid
megagametophytes were divided in two, with one half of the
tissue used for Adh2 isozyme genotyping and the other half for
DNA extraction. Recombination was analyzed in megaga-
metophyte arrays of single trees using a procedure equivalent
to the double backcross method (22) and heterogeneity of
recombination frequencies among trees was examined using a
heterogeneity x2 test (23). In the absence of heterogeneity,
pooled estimates were used.
Characterization of Genomic Sequences. We attempted to

amplify larger genomic products corresponding to each of the
cDNA classes by using touchdown PCR (24) with the class-
specific primers and primer F1. These products would include
the complete coding sequence except for the estimated first 20
bp. We directly sequenced these genomic products using
independently amplified templates for each strand and a
primer walking sequencing strategy. All sequencing templates
were amplified from one tree, from single megagametophytes
that expressed the common ADH2 allozyme and were non-
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recombinant with respect to segregating Adh PCR-based
markers.
Phylogenetic Analysis. The region shared between the com-

pletely sequenced P. banksiana Adh cDNAs, 19 angiosperm
Adh genes, and one human Adh (used as an outgroup) was
aligned using CLUSTALV (25), with minor adjustments per-
formed manually. A neighbor-joining tree (26) based on
Jukes–Cantor distances (27) was constructed using MEGA
version 1.02 (28). The relative support for groups was deter-
mined based upon 1000 bootstrap trees.

RESULTS AND DISCUSSION

Isozyme analysis of megagametophyte tissue revealed a single
intensely stained protein band (ADH2), encoded by a single
locus (Adh2), as has been reported for several other pines
(29–32). No ADH activity was observed in extracts of aero-
bically treated roots, but anaerobic treatment resulted in the
induction of ADH2 and a more anodal zone of activity
(ADH1), for which the genetic control is unknown. Similar
tissue-specific anaerobically inducible expression of ADH has
been found in other plants, including P. radiata (33).
All 112megagametophyte cDNA clones evaluated were very

similar and were assigned to one class (AdhC1). Of 152
anaerobic root-derived Adh cDNAs, one was classified as
AdhC1 and the rest were assigned to six additional classes
(AdhC2, 1 clone; AdhC3, 48 clones; AdhC4, 91 clones; AdhC5,
7 clones;AdhC6, 3 clones;AdhC7, 1 clone). Since the efficiency
by which different cDNA species were amplified likely varied,
the relative numbers of clones in each of these cDNA classes

cannot be expected to reflect relative mRNA abundances. The
59 end of the cDNA sequences obtained corresponds to
position 21 of the P. radiata Adh cDNA RCS1025 (7). If the
length of the additional undetermined coding sequence of each
is also 20 bp, each would encode a protein of 382 amino acids,
except for the cDNA representingAdhC7, which would encode
only 381 amino acids due to an insertion of a single thymidine
that results in a TGA codon immediately preceding the
original termination codon. These lengths are similar to those
of angiosperm ADHs. Nucleotide (and amino acid) identities
among the coding regions of these P. banksiana genes are high,
ranging from 81.2% (75.4%) between AdhC1 and AdhC6 to
98.7% (98.4%) between AdhC3 and AdhC5. Divergence
among the 39 UTRs is generally too great to allow meaningful
alignment.
We successfully amplified large genomic products repre-

senting AdhC2, AdhC3, AdhC4, and AdhC5. Efforts to directly
sequence the AdhC4 product yielded ambiguous results within
several introns, suggesting that this product, although appear-
ing as a single 2.6-kb fragment, actually contained two or more
AdhC4-like sequences. The genomic sequence of AdhC6 was
obtained as a composite of three overlapping PCR products
(for details, see comments in GenBank accession no. U48376).
Attempts to obtain AdhC1 and AdhC7 genomic amplification
products that extended 59 of exon 8 were not successful.
The genomic sequences of AdhC2, AdhC3, AdhC5, and

AdhC6 are each interrupted by nine (A1T)-rich (68.2%)
introns, positioned exactly as the nine introns in other char-
acterized plant Adh genes and ranging in size from 86 to 1926
bp (mean 5 263 bp, SEM 5 363 bp) (Fig. 1). If two unchar-

FIG. 1. Schematic representation of four P. banksiana Adh genes. Numbered boxes represent exons and lines represent introns and 39 UTRs.
Arrows delineate 10- (a) and 43-bp (b) direct repeats in AdhC2, 141-bp (c) inverted repeat in AdhC3 and AdhC5, 65- (d) and 49-bp (e) direct repeats
in AdhC5, and 86- (f), 106- (g), 17- (h), 40- (i), 21- (j), 12- (k), 217- (l), and 11- (m) bp direct repeats in AdhC6. Gene lengths are estimated from
the presumed beginning of the initiation codon through the termination codon.
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acteristically large AdhC6 introns (intron 1, 1926 bp; intron 4,
1418 bp) are excluded, the average intron size falls to 180 bp
(SEM5 92 bp), similar to that observed in angiosperms. These
data do not support the hypothesis that pine Adh genes have
more or larger introns (7, 17). However, uncharacterized
family members may differ in intron structure. Our inability to
amplify AdhC1 and AdhC7 genomic products that extended 59
of exon 8 is noteworthy because one possibility is that ex-
tremely long introns were encountered.
Duplications, the largest of which is 217 bp, are a common

feature in many of the P. banksiana Adh introns (Fig. 1). Such
repeats appear to be rare in angiosperm Adh genes. Except for
a 104-bp element that is tandemly repeated three times in
Zma1 (ref. 34, see Fig. 3 for abbreviations of gene names), we
found no other large duplications in genomic angiosperm Adh
sequences (Ath, Fan, Hvu2, Hvu3, Phy1, Psa1, and Zma1). To
determine whether large repeats may be common in other
conifer genes, we examined seven conifer nuclear gene se-
quences found in GenBank. Large direct repeats (.38 bp) are
present inLarix laricina rbcS (GenBank accession no. X16039),
Pinus sylvestris BBS (X60753), a P. taeda protochlorophyllide
reductase gene (X66727), a P. taeda 4-coumarate:CoA ligase
gene (U39405), and Pinus thunbergii cab (X61915), but not in
Pinus contorta cab (X67714) nor P. sylvestris CHS (X60754).
The observation of large repeats in five of these seven se-
quences suggests that their occurrence may be widespread in
conifer genes, at least within the Pinaceae.
The high frequency of duplications within these pine Adh

genes proved advantageous in the development of segregating
PCR-based markers. Codominant markers were found for
three loci (AdhC1, AdhC2, and AdhC7) by simply amplifying
a portion of their 39 ends from the DNA of a small panel of
individuals. Sequence analysis revealed that all of these
codominant polymorphisms involved large repeats within non-
coding regions. Of three AdhC1 alleles, one (AdhC1-2) dif-
fered primarily by a tandem direct repeat of 42 bp in intron 9.
In this same region, AdhC1-3 had an insertion of about 168 bp,
containing a large degenerate inverted repeat, accompanied
by the loss of about 49 bp of flanking sequence. The difference
between the two AdhC2 alleles involved a large duplication
(.80 bp) within the 39 UTR that included the gene-specific
PCR primer site. Although in AdhC2-2 the sequence of the
internal primer site was exactly complementary to the AdhC2-
specific primer, priming at the distal site was favored in PCR
amplification. In AdhC2-1, either this duplication did not exist
or the internal primer site was favored. The two AdhC7 alleles
differed by a single direct repeat of 116 bp found in intron 9
of AdhC7-2. Dominant markers were found for AdhC3,
AdhC4, and AdhC5, while AdhC6 had both dominant and
codominant allele pairs. Amplifications using AdhC4- or
AdhC6-specific primers produced complex band patterns, sug-
gesting that each of these classes actually represents more than
one genomic sequence, at least one of which is expressed. Due
to their presenceyabsence or complex nature, dominant poly-
morphisms were not characterized.
The availability of these segregating PCR-based markers

permitted an analysis of linkage, allowing us to further exam-
ine the organization of this gene family. Segregation of the
individual PCR-based markers and ADH2 allozymes (Fig. 2)
did not deviate significantly from 1:1 expectations and x2 tests
revealed no heterogeneity of recombination frequencies
among trees. The loci comprised two linkage groups (AdhC1y
AdhC2yAdhC3yAdhC4yAdhC5 and Adh2yAdhC6yAdhC7),
with no recombination observed within groups and a recom-
bination frequency of 0.0376 (SEM 5 0.0130; 8 recombinants
out of 213 megagametophytes examined) between groups.
Pairs of ADH isozyme loci have been found to be tightly linked
in other pines (16, 35, 36). It is not known which, if any, of these
cDNAs encodes the ADH2 isozyme, but of the loci we
identified, only AdhC6 and AdhC7 are candidates.

To examine the evolutionary relationships among members
of this gene family, we constructed a phylogenetic tree (Fig. 3)
that clearly shows three primary lineages corresponding to
monocot, dicot, and pine genes. Gene duplications have taken
place independently in each of these lineages. This general
topology is in agreement with other published phylogenetic
trees of Adh genes (7, 38–40). However, one tree (41) that was
constructed using a progressive alignment of amino acid
sequences did not show a clear separation of monocot and
dicot lineages. In the present tree, P. banksiana AdhC1,AdhC2,
AdhC3, AdhC4, and AdhC5, all members of the same linkage
group, form a strongly supported lineage. AdhC6 and AdhC7,
members of the other linkage group, fall outside of this lineage.
This topology is corroborated by genomic sequences. Intron
sequences of AdhC3 and AdhC5 were readily aligned, only
some intron sequences of these genes could be aligned with
AdhC2, and all of the AdhC6 introns were too divergent to be
included in this alignment. The P. radiata cDNAs (7) were not
included in the phylogenetic analysis because they lackedmuch
of the region considered, but RCS1025 is most like AdhC3
(98.4% identity) and RCS1029 most closely resembles AdhC7
(99.2% identity). These data suggest that an initial duplication,
predating the P. radiata–P. banksiana separation, formed the
progenitors of the two linkage groups and was followed by
duplication within the groups.
The fact that we could amplify markers of all seven cDNA

classes from the DNA of a single haploid megagametophyte
directly supports the existence of at least seven expressed Adh
loci in P. banksiana, providing conclusive evidence of a much
larger gene family size in pines. Clearly, the complex Adh
Southern blots of P. radiata and P. taeda (7) and diversity of
Adh genomic clones from these species (17) are due to the
large size of this gene family. Since only two tissues were
considered in the present study and the amplification primer
was nondegenerate, other expressed loci likely remain unde-
tected. Furthermore, genomic amplifications demonstrated
that some cDNA classes may represent more than one locus.
Whether all members of these compound classes are functional
is unknown, but exons appear conserved relative to introns in
AdhC4-like sequences, suggesting selective constraint. Possible
explanations for the difference between the observed numbers
of isozymes and expressed genes include isozymes with coin-
cident electrophoretic migration, low concentrations, andyor
low catalytic efficiencies under assay conditions. Why such a

FIG. 2. Joint segregation of Adh2 allozymes and a PCR-based
marker of AdhC7. (A) Adh2 allozymes in 10 haploid megagameto-
phytes of a single tree as detected using starch gel electrophoresis and
enzyme staining. (B) PCR amplification products of AdhC7 from the
same set of 10 megagametophytes revealed by agarose gel electro-
phoresis and ethidium bromide staining. Size markers shown in the
right hand lane are the 1636-, 1018-, and 506-bp fragments of a 1-kb
DNA ladder (GIBCOyBRL).
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large diverse group of Adh genes is maintained in pines while
as few as one is sufficient in angiosperms is unknown.
Duplication is a recurrent theme within the P. banksiana

Adh gene family. Not only are there more Adh genes than have
been found in angiosperms, but repeated sequences within the
genes aremuchmore common. If this pattern is typical of other
conifer genes and gene families, it would represent one
component contributing to the unusually large genome sizes of
conifers.
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