
Two Separate Genes Encode the Catalytic 70 kDa V-ATPase Subunit 
in Psilotum and Equisetum
Thom as Starke, T im othy P. Linkkila, and Johann  Peter G ogarten  
Department o f Molecular and Cell Biology, U niversity o f  Connecticut,
75 North Eagleville Rd„ U-44, Storrs, CT 06269, U .S.A.
Z. Naturforsch. 46c, 613 -620  (1991); received April 5, 1991
V-ATPase, Intron-Exon Boundaries, Gene Duplication, Evolution, Polymerase Chain 
Reaction

Vacuolar type ATPases have been found on various endomembranes o f  eukaryotic cells, 
e.g. lysosomes, chromaffin granules, vesicles derived from the Golgi apparatus, endosomes 
and vacuoles. Although this ATPase type is targeted to different compartments in one cell, 
only one gene for each subunit had been found per genome.

Using PCR across intron-exon boundaries we show that two different genes encode the cat­
alytic subunit o f the V-ATPase in Psilotum nudum and Equisetum arvense. The substitution 
rates for the three codon positions and the intervening sequences show that in Psilotum  both 
genes are transcribed and are under selection pressure, however, this seems not to be the case 
for Equisetum. The relatively high similarity between the two genes found in each species as 
compared to the interspecies similarities suggest that for some time after the gene duplication 
had occurred the two copies were subject to gene conversion mechanisms. An unexpected de­
gree o f conservation o f the intervening sequences themselves is noted and statistically verified, 
however, no structural constraints that could explain these findings were detected.

Introduction

Ion pum ping A TPases/A TP synthases, especial­
ly proton-pum ping ATPases, play a central role in 
bioenergetics. Their im portance is evident from 
the fact no known life form  exists w ithout them. 
Based on inhibitors and subunit com positions 
these transport ATPases have been divided into 
three categories: P(or E 1E 2)-, F(or F ,F 0)-, and 
V(or vacuolar)-type ATPases.

P-type ATPases are characterized by their sensi­
tivity to vanadate and the form ation o f an acyl 
phosphate intermediate during ATP hydrolysis.

F-type ATPases are inhibited by oligomycin, 
venturicidin and azide. Their physiological func­
tion is ATP synthesis in m itochondria and ch loro­
plasts and the energization o f the plasm a m em ­
brane in eubacteria. F-ATPases are multi subunit 
enzymes. They can be dissociated into a w ater-sol­
uble, ATP-hydrolyzing F, part and a m em brane
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com ponent (F 0) involved in H + translocation. The 
subunit com position of the F, part is a 3ß3Y151e1. 
The m olecular masses o f a  and ß are about 
5 0 -6 0  kD a, the y is about 3 0 -3 6  kD a and the S 
and e subunits are below 20 kD a (for further dis­
cussion see [1] and  [2]).

V-type ATPases are inhibited by nitrate, but in­
sensitive to vanadate, azide and oligomycin [3]. 
They are found in the vacuolar m em brane o f 
plants [4], lysosomes [5], endosom es [6], clathrin 
coated vesicles [7], secretory granules [8], Golgi 
vesicles [9 -11], and the plasm a m em brane o f some 
specialized anim al cells [12-14], Like the 
F-A TPases they can be dissociated into a water- 
soluble and a m em brane portion  [15, 16]. Their 
function is the acidification o f the interior o f the 
organelles, coupling the hydrolysis o f ATP to the 
translocation  o f protons. In addition to several 
single copy subunits the water-soluble part con­
tains three copies each of the two m ajor polypep­
tides [17], a catalytic subunit o f about 70 kD a 
binding the A TP that is hydrolyzed during the ca t­
alytic cycle [18] and a noncatalytic subunit o f 
abou t 60 kD a in size. These two subunits have 
been shown to be hom ologous to the beta and 
alpha subunits o f the F-ATPases respectively 
[19,20],

It has no t only been shown that the catalytic and 
noncatalytic subunits o f ATPases present in
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archaebacteria are more similar to the correspond­
ing V-type ATPase subunits than they are to 
F-type ones but also that the catalytic (ß and 
70 kD a) and noncatalytic (a and 60 kD a) subunits 
are hom ologous to each other. These two subunit 
types (catalytic and noncatalytic) presum ably 
arose by gene duplication before the divergence of 
archaebacteria, eubacteria and eukaryotes [20, 21].

Extending the use o f proton-pum ping ATPases 
as m olecular m arkers for the evolution o f organ­
isms to the evolution o f early land plants, we pres­
ent data on two early branching land plants Psilo- 
twn  and Equisetum. Employing two oligonucleo­
tide prim ers directed to part o f the core region of 
the catalytic subunit o f the V-type A TPase from  
Psilotum  and Equisetum, we were able to  dem on­
strate tha t this subunit is encoded by at least two 
different genes in these plants. Im plications for the 
evolution o f the V-type ATPase in early land 
plants are discussed.

Materials and Methods

All chemicals are from Pharm acia, BRL and 
M erck. [a-35S]dATP (specific activity 1000 [iCi/ 
mmol) from  D U  PO N T N E N  Products. P lant m a­
terial (Psilotum nudum  and Equisetum arvense) was 
obtained from the University o f C onnecticut Bio­
logical Sciences greenhouse.

Isolation o f  genomic plant D NA

4 g o f fresh plant tissue were ground in a pre­
cooled m ortar in the presence o f liquid nitrogen. 
10 ml o f extraction buffer (100 m M  Tris-H Cl, 
pH  = 8; 100 m M  EDTA; 250 m M  N aC l and 
100 ng/ml Proteinase K) was added, incubated at 
65 °C for 2 h and the cell debris was rem oved by 
centrifugation at 10,000 x g for 15 min. The super­
natan t was extracted once with phenol and  once 
with chloroform , 100 |il/m l ethidium  brom ide 
(10 mg/ml) was added, the solution was adjusted 
to a density o f 1.55 g/ml with CsCl and spun to 
equilibrium  in a VTi 65.2 ro to r (Beckm an) at 
65,000 rpm  for 16 h at 20 °C. The D N A  band visu­
alized under UV light was harvested and the eth i­
dium  brom ide was removed by extraction with 
SSC buffer (0.15 m  NaCl; 15 m M  N a3 citrate) equi­
librated isopropanol and the D N A  was precip ita t­
ed with isopropanol at - 2 0  °C for 12 h.

The vacuum -dried pellet was resuspended in 
25 |il dH 20  and 2 |il was used for the subsequent 
PC R  reaction.

Polymerase chain reaction

A portion o f  the gene coding for the V-type 
A TPase was amplified by the Polymerase Chain 
R eaction using two primers (32 bp and 33 bp long) 
constructed after conserved regions in known 
cD N A  sequences (see Results). The optim um  con­
ditions o f the reaction with respect to yield were: 
Taq Polym erase buffer (70 m M  Tris-HCl, pH  = 
8.8, with 2 m M  M gCl2 and 0.1%  (v/v) Triton 
X-100); 0.1%  (v/v) Tween 20; 100 jig/ml BSA; 
50 pm ol o f each primer; dA TP, dCTP, dG TP and 
dT T P (200 (am each) 10 -30  ng o f genomic plant 
D N A  and 1.25 U  o f Taq Polymerase (New Eng­
land Biolabs) in a to tal volume o f 50 j j.1. The sam ­
ple was overlaid with 100 |il o f m ineral oil to pre­
vent evaporation. The samples were run in a T her­
mal Cycler (Cetus Corp.) for 30 cycles, each cycle 
consisted o f 1.5 min denaturation  at 94 °C,
1.5 min o f annealing at 45 °C and 2 min o f poly­
m erization a t 72 °C. A fter the last cycle the poly­
m erization at 72 °C was extended to 20 min. The 
reaction products were analyzed by electrophores­
is on an 0.8%  agarose gel, revealing two bands 
w ith a length o f approxim ately 290 bp and 250 bp 
for Psilotum  and 280 bp and 250 bp for Equisetum  
respectively. A piece o f agarose containing the am ­
plified D N A  band was cut out from  the gel, placed 
in an E ppendorf vial and soaked for 12 h at 4 °C in 
50 n ld H 20 .

Sequencing o f  PC R  amplified D NA

A fter 12 h o f soaking, when sufficient D N A  had 
diffused out o f the agarose, 1 jj.1 o f the solution was 
used for a second PCR. The conditions for the 
reaction were the same as described above, but 
only 25 cycles were run with a rise in the annealing 
tem perature to 65 °C and a reduction in the poly­
m erization time at 72 °C to 1 min. 40 (il out o f a 
50 (j.1 reaction were loaded on a 0.8%  agarose gel 
an run for 2 h with 10 V/cm. The band was local­
ized under UV light and a scalpel used to m ake an 
incision in the gel, directly in front of the band. 
Using wide edged forceps a piece of activated 
D EA E cellulose (soaked 5 min in 10 m M  EDTA, 
5 min in 0.5 m  N aO H , rinsed with 10 ml of d H 20
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and stored in d H 20  at 4 °C) cut to appropriate  size 
was inserted and the electrophoresis continued for
5 min with 10V /cm  until the band o f the D N A  
had completely m igrated into the paper. A fter re­
moval from the gel the paper was rinsed with 10 ml 
o f a low salt elution buffer (50 m M  Tris-HCl, pH  = 
8; 0.15 m  N aCl and 10 m M  ED TA , pH  8) to re­
move pieces o f agarose, transferred to an Eppen­
d o rf vial and the D N A  eluted at 65 °C for 30 min 
in the presence o f 100 jil o f a high salt elution buf­
fer (50 m M  Tris-HCl, pH = 8; 1 m  N aCl and 10 m M  
ED TA , pH = 8). The eluate was transferred to a 
new tube, 100 (al o f fresh high salt elution buffer 
were added to the paper and the incubation con­
tinued for 15 min. The combined eluates were ex­
tracted with phenol, precipitated with ethanol at 
- 2 0  °C for 12 h, and the pellet was vaccum -dried 
and resuspended in 25 (al dH 20 .

The nucleotide sequence was determ ined using 
the T7Sequencing Kit (Pharm acia LKB Biotech­
nology) and [a-35S]dATP (1000 |iC i/m m ol). The 
prim ers used for sequencing were two shorter ver­
sions (18 bp) o f the PCR primers, lacking the re­
dundan t region (Fig. 1). Annealing o f the prim ers 
to the tem plate was achieved by denaturing 11.5 (il

o f the purified double stranded D N A  at 95 °C for
3 min in the presence o f 2 (il annealing buffer and 
0.5 |il (50 pmol) o f the prim er and immediate 
freezing in an ethanol/dry  ice bath. A fter thawing 
at room  tem perature the sequencing procedure 
was continued as described in the kit m anual. The 
samples were electrophoresed in a 8% denaturing 
polyacrylam ide gel containing 8 m  urea and 
analyzed by autoradiography. Using the left and 
right PC R  prim er for sequencing the nucleotide se­
quence o f the amplified D N A  fragm ents could be 
obtained from  both directions w ithout any sub­
cloning.

Results

F or the specific am plification o f part o f the ca t­
alytic subunit o f the V-type ATPase from genomic 
D N A  from  prim itive land plants two oligonucleo­
tide prim ers were constructed using sequences 
from  Daucus carota and Neurospora crassa (Fig.
1). The prim ers span a 156 bp segment in Daucus 
carota and a 153 bp fragm ent in Neurospora 
crassa, including the primers. Using these primers 
to amplify genomic D N A  from  Psilotum nudum

Daucus carota 980 TATGTTGGTTGCGGGGAAAGAGGAAATGAAAT
Neurospora crassa TACGTCGGTTGTGGTGACCGCGGTAACGAGAT
Sulfolobus acidocaldarius TATGTAGGTTGTGGCGAAAGAGGAAATGAGAT

LEFT PRIMER 5 ' A 3 ' TATGTCGGTACCGGGGAAN GAGGAAAN GAq AT
Kpnl

LEFT PRIMER seq. TATGTCGGTACCGGGGAA

Daucus carota 1103 AACACTTCAAACATGCCTGTGGCTGCTCGCGAG
Neurospora crassa AACACCTCTAACATGCCCGTCGCCGCTCGTGAG
Sulfolobus acidocaldarius AATACTAGCAATATGCCAGTAGCAGCTAGAGAA

Primer complement
5' p 3' AArpACNTCAAACATGCCTGTGGCTGCTCGAGAG

RIGHT PRIMER
3 ' r  5' TT^TGNAGTTTGTACGGACACCGACGAGCTCTC

SacI
RIGHT PRIMER seq. GGACACCGACGAGCTCTC

Fig. 1. Left and right primers that were used to amplify part o f the coding region o f the V-type ATPase from genomic 
plant D NA . The strands are shown aligned to the sequences that were used to construct the primers. Numbers corre­
spond to the cD N A  sequence given in [19], Mismatches between the sequences and the primers are emphasized in bold 
print. The shorter primers used to sequence the amplified D N A  are depicted below the the primers used for the PCR. 
In case o f the right primer the complementary sequences (bottom lines) were used to prime the synthesis o f the strand 
in the direction o f the left primer.
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and Equisetum arvense yielded two fragm ents of 
different size termed small (S) and large (L) for 
each species. Both small fragm ents have the same 
length (252 bp including primers), the large frag­
ments being 294 bp and 276 bp long in Psilotum  
and Equisetum  respectively.

Using the shorter versions o f the PC R  primers 
(Fig. 1) the sequence of the large and small frag­
m ents was determ ined from both directions result­
ing in a 80% overlap in the nucleotide sequence 
read from the autoradiographed gels.

Both fragments, the large and small ones, exhib­
ited a 156 bp coding region which is in terrupted by 
an in tron close to 5' end of the sequence. The long­
est intervening sequence is 138 bp in Psilotum, the 
corresponding Equisetum  in tron being only 120 bp 
long. Both introns present in the small fragm ents 
are 96 bp in length (Fig. 2).

An alignm ent o f the sequences depicted in Fig. 3 
shows the same exon-intron junctions in all four 
sequences, the last nucleotides o f the 5' exon being 
5 -G C A G A , and the first o f the 3' exon G G T-3'. 
The in tron begins with 5 '-G TG  and ends on 
CCA-3'. A closer com parison o f the coding 
regions shows a very high hom ology (8 6 -9 5 % ) 
between the Psilotum  and Equisetum  fragm ents 
(Fig. 4). The highest degree o f sim ilarity is found 
between the large and small Psilotum  fragm ent 
(95% ). Both Psilotum  fragm ents show an equal 
hom ology in the coding region to the small Equise­
tum  fragm ent but are lesser related to  the large 
Equisetum  fragm ent (87%). F urtherm ore, the sim­

ilarity between the coding regions o f the Equisetum  
fragm ents themselves is only 86%. As expected 
from  phylogeny the coding regions from  the plant 
species are about 65% and 45% identical to the 
corresponding sequences in Neurospora crassa (20) 
and Methanococeus thermolithotrophieus (18), 
respectively.

The divergence between the two fragm ents of 
Psilotum  and the small fragment o f Equisetum  is 
m ainly derived from  a change in the third codon 
positions (Fig. 4). In contrast, the change o f nu ­
cleotides between the two Equisetum  fragm ents is 
equally distributed, being 86% , 86% and 85% for 
the first, second and third codon position respec­
tively.

Looking at the in tron sequences, the highest de­
gree o f similarity (80% ) is found between the two 
small fragm ents. The Equisetum  fragm ents are 
76% identical in their introns, in contrast the Psi­
lotum  fragm ents are only 56% identical. In addi­
tion, the similarity between the small fragm ent of 
Psilotum  and the large Equisetum  fragm ents is sig­
nificantly higher (71% ) than the large fragm ents 
com pared together (59%).

W hereas in the case o f the exons the alignm ent is 
aided by the encoded am ino acid sequence, the 
alignm ent o f the in tron sequences is m ore am bigu­
ous. In order to test whether the in tron regions in­
deed show m ore similarity than expected from  two 
random  sequences tha t are aligned using gaps, we 
analyzed pairwise com parisons o f the in tron se­
quences (Table I). The results clearly dem onstrate

pi

Fig. 2. Schematic drawing o f part o f the D N A  fragment amplified from genomic plant D N A  o f Psilotum nudum and 
Equisetum arvense using to oligonucleotid primers, Primer left (PI) and Primer right (Pr). The 156 nucleotides long 
coding region is interrupted close to the 5' end o f the sequence by an intron o f variable length. All numbers are in 
nucleotides. Note the common sequence at the junctions o f  the exons and intron found in all four amplified D N A  
fragments.



Primer_2_______________ E x o n _ ______ Intron__
Psilotum L TATGTTGGTTGCGGGGAAAGAGGAAATGAGATG GCAGA GTGCAAGTGTAAACCTCTACTT 60
Equisetum L TATGTTGGTTGCGGGGAGCGAGGAAAGGAAATG GCAGA GTG-AGATTACTCTTGCTTAAT 59
Equisetum S TATGTTGGTTGCGGGGAGAGAAAGAATGAAATG GCAGA GTGT-GATTAT-TTT-GTCCTT 57
Psilotum S TATGTTGGTTGCGGGGAAAGAGGAAATGAGATG GCAGA GTGTGGAGTCCCTCT-CTGCTT 59
Neurospora TACGTCGGTTGTGGTGAGCGCGGTAACGAGATG GCTGA ---------------------------38
M.thermo1. TACATCGGATGTGGGGAAAGAGGAAACGAGATG ACTGA ---------------------------38
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__Intron___
Psilotum L AATTGC-TTATGCAGAGTCAGGCTCCT-ATATGTATTTTTTTGGCACAGAAGGTTCCCTGTA 12 0 
Equisetum L GAGTG— TTGTG-AGAATAACACATGTGAGGTCTTGTTTTTTGAATCTGATGAAT-AATATG 117
Equisetum S ATCTCAGTTGTG-AGATAC---CATGTGAGGTCTTGTTT— TGCAAATTGTGA--- AATG—  108
Psilotum S AAG— AGTTGTG-AGATAC---CATGTGAGGT— ATTTTTTTGCATACTTAGA--- AATG—  108
Neurospora -------------------------------------------------------------------------
M.thermo1. -------------------------------------------------------------------------

__Intron__________________________ Exon
Psilotum L GACAAGAGGATGCCATATGGGATTGATATAATTTACTTTGTACGTTTTTCATT— CCA GGT 179
Equisetum L GGT— GACG-TCCGTTATGGAATCT-TC— GATCACTT-------------CATTATCCA GGT 161
Equisetum S — CAAGA---------------------TTC-GGATCACTT-------------CATTATCCA GGT 137
Psilotum S — TTAAA---------------------TTT-GGATCACTT-------------CATTATCCA GGT 137
Neurospora ---------------------------------------------------------------------AGT 41
M.thermol. ---------------------------------------------------------------------AGT 41

__Exon____
Psilotum L ACTTATGGATTTCCCCCAACTGACAATGACTTTACCCGATGGCCGTGAAGAATCTGTCATGA 241 
Equisetum L TCCGATGCCCCTTAGGCAACTGACAATGACTTTACCCGATGGCCGTGAAGAATCTGTCATGG 22 3 
Equisetum S CCTTATGGATTTTCCTCAACTGACAATGACTTTACCCGATGGCCGTGAAGAATCTGTCATGA 199 
Psilotum S TCTTATGGATTTCCCCCAACTGACAATGACTTTACCCGATGGCCGTGAAGAATCTGTCATGA 199
Neurospora CTTGAAGGATTTCCCCGAGCTGTCTATCGAGGTC---GACGGCCGCAAGGAGCCCATCATGA 100
M.thermol. TATTGAAGAATTCCCACACTTGGAAGACATTAAA---------- ACAGTAAACAAGTTAATGG 94

__Exon__________  ___________ Primer_3__
Psilotum L AGCGTACCACACTTGTAGCC AACACATTAAACATGCCTGTGGCTGCTCGCGAG 294
Equisetum L AGCGTACCACACTTGTAGCC AAGACTCTAAACATGCCTGTGGCTGCTCGCGAG 276
Equisetum S AGCTGACCACACTTGTAGCC AAGACTTCAAACATGCCTGTGGCTGCTCGCGAG 252
Psilotum S AGCGTACCACACTTGTAGCC AAGACATTAAACATGCCTGTGGCTGCTCGCGAG 252
Neurospora AGCGCACGACCCTCATCGCC AACACCTCTAACATGCCCGTCGCCGCTCGTGAG 153
M.thermol. ATAGGACTGTTTTAATTGCA AACACCTCAAACATGCCGGTTGCTGCGAGGGAA 147

Fig. 3. Alignment o f the sequences o f  the large (L) and small (S) fragments from Psilotum nudum and Equisetum ar- 
vense and the corresponding sequences o f the V-type ATPases from Neurospora crassa and Methanococcus thermoli- 
thotrophicus. The alignment was done by eye utilizing several computer generated pairwise alignments. Gaps were 
introduced in order to maintain the alignment. Both Neurospora and Methanococcus lack the intron present in the 
sequenced Psilotum  and Equisetum fragments. The coding region o f Neurospora and Methanococcus is shorter than in 
the plant sequence (3 and 9 nucleotides respectively). For a closer evaluation o f the alignment see Fig. 4.

the hom ology between the introns o f  the small 
fragm ents and the hom ology o f the in trons in the 
small fragm ent to the in tron in the large fragm ent 
from  Equisetum. However, this analysis fails to de­

tect any significant similarity between the in tron in 
the large Psilotum  fragm ent and the o ther three 
in tron sequences.
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Psil. L [%] Equis. L [%] Equis. S [%] Psil. S [%] Neurosp. [%] M. thermol. [%]

Psilotum  L 86.2 30 100.0 30 100.0 30 69.0 29 40.7 27
90.0 30 96.7 30 100.0 30 93.1 29 66.7 27
85.7 30 86.7 30 96.7 30 34.5 29 29.6 27

Equisetum L 87.4 90 86.2 30 86.2 30 53.6 29 34.6 27
58.7 108 86.7 30 90.0 30 82.8 29 55.6 27

85.7 30 85.7 30 25.9 29 24.0 27

Equisetum S 94.4 90 86.2 90 100.0 30 69.0 29 40.7 27
55.1 92 80.0 92 96.7 30 89.7 29 63.0 27

86.7 30 31.0 29 29.6 27
Psilotum S 98.9 90 87.4 90 94.4 90 69.0 29 40.7 27

56.2 92 74.1 92 80.4 92 93.1 29 66.7 27
34.5 29 33.3 27

Neurospora 65.5 87 54.8 87 63.2 87 65.5 87 33.3 27
70.4 27
22.2 27

M. thermol. 45.7 81 38.5 81 44.4 81 46.9 81 42.0 81

Fig. 4. Comparison o f the % identities found at the 1st, 2nd, 3rd codon and intron positions o f the large (L) and small
(S) D N A  fragments from Psilotum nudum and Equisetum arvense and the sequences o f  Neurospora crassa and Metha- 
nococcus thermolithotrophicus. The alignment used to calculate the values is depicted in Fig. 3. The first, second and 
third entries in the fields above the diagonal correspond to the first, second and third base positions respectively. The 
numbers below the diagonal are the % identities for the coding (average for the three codon positions) and intervening 
sequences. The first and second entries correspond to the exons and introns respectively. The numbers given to the 
right o f the % values are the actual numbers o f positions used to calculate the tabulated values. When compared to the 
plant samples, the Methanococcus sequence as expected shows a lower identity than Neurospora. Note the high degree 
o f similarity in the base composition between the Psilotum  and Equisetum fragments. For an extended discussion see 
Text.

Table I. z-Values for the pairwise comparison o f the in­
tervening sequences. Only nucleotide positions within 
the introns were used, positions outside the introns and 
the four nucleotides at the ends o f the introns that define 
the splice sites were not included in this analysis. For 
each pairwise comparison first the optimum alignment 
score was calculated according to the method described 
by Needleman and Wunsch [30], using a score o f + 1 per 
match and a gap penalty o f - 2 .  Then the two sequences 
were randomized and the optimal alignment score for 
the randomized sequences was calculated. The latter 
process (randomization and alignment) was repeated 50 
times and the mean and standard deviation for the align­
ment scores obtained for the randomized sequences were 
calculated. The tabulated z-values give the distance be­
tween the alignment score o f the actual sequences and 
the mean o f the randomized sequences expressed as mul­
tiples o f the standard deviations. Usually z-values > 3  
are considered to prove homology (i.e. values o f this size 
are very unlikely to be due to convergent evolution or 
chance; in the above tabulation these are printed in bold 
typeface; [31]). The values above and below the diagonal 
were calculated using different randomizations, there­
fore, the entry in column a, row b is not necessarily 
identical to the value in column b, row a.

Equi. S Psil. S Equi. L Psil. L

Equisetum S 28.7 12.1 8.6 -1 .4
Psilotum  S 13.1 28.4 7.0 0.4
Equisetum L 7.8 7.3 32.4 -0 .3
Psilotum  L -1 .5 0.4 -0 .4 34.1

Discussion

Using genomic D N A  of plants representing bas­
al branches o f the land plants as target for PCR 
am plification, we were able to amplify two stretch­
es o f D N A  from  each species used th a t encoded a 
part o f the V-type A TPase catalytic subunit. The 
sequences o f the large and small products dem on­
strate the existence o f two gene copies encoding 
the catalytic 70 kD a subunit in these plants. Both 
products contain  in tron and exon sequences. In all 
cases the in tron  was located at the same position.

The high degree o f sim ilarity between the coding 
regions as well as the intervening sequences be­
tween the tw o copies in each species (see Fig. 4) 
suggests tha t for some time after the split o f the 
two lines giving rise to Equisetum  and Psilotum  oc­
curred gene conversion m echanism s were acting to 
keep the two copies within each species similar.

Both Psilotum  genes are highly conserved in the 
coding region at the nucleotide level, changes in 
the sequence being m ainly due to substitutions in 
the third codon position, which results in only one 
altered am ino acid on the protein level. This sug­
gest either a recent gene conversion event or an ev-
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olutionary pressure acting on both  copies o f the 
gene (m eaning that both genes are translated). The 
latter explanation is further supported  by the fact 
that the intervening sequence, though conserved, 
shows a much lower degree o f identity, thus con­
tradicting a recent gene conversion event that 
would have acted on bo th  exon as well as intron 
sequences and supporting the hypothesis that both 
gene copies are transcribed and under selective 
pressure in Psilotum.

In contrast, the two am plified coding regions of 
the Equisetum  genes show a lesser conservation 
with no preferred codon position for the change of 
nucleotides. Taking into account the high se­
quence similarity between the two small fragm ents 
(94% and 80% in the coding region and the intron 
respectively) one explanation w ould be that the 
large gene of Equisetum  is not under im m anent 
evolutionary pressure (no t transcribed?) and the 
divergence to the gene with the sm aller intron is 
therefore higher as com pared to the Psilotum  
coding region.

So far, all sequences o f the catalytic subunit o f 
V-type ATPases derived from  fungal genomic 
D N A  ( Neurospora crassa, Saccharomyces cerevi- 
siae) have revealed only a single copy o f the gene 
[16, 22, 24, 25], Therefore using the phylogenetic 
tree of the catalytic subunit o f the V-type ATPase
[21] a gene duplication o f the ancestral catalytic 
subunit can be pinpointed after the separation of 
the fungi from  the eukaryotic branch but before 
the appearance of early land plants like Psilotum.

The location of the in trons in identical positions 
of the gene testifies to the hom ology o f the introns 
themselves (i.e. an in tron  was already present in 
the ancestral gene). However, the degree o f simi­
larity between the in trons in the small fragm ents 
from Psilotum  and Equisetum  comes as a surprise.

Equisetatae are well docum ented in the fossil 
record since the late D evonian; suggesting that the 
ancestor o f the two introns in the small fragm ents 
dates back at least 300 million years. As the Equi­
setatae are not likely to have evolved directly from 
the Psilotum  ancestor but from an older ancestral 
species [26], these two introns probably evolved in 
separate species since m ore than 400 million years 
ago. A non-functional sequence that is not under 
selection pressure would be expected to be nearly 
random ized over these evolutionary distances. As­
suming a substitution rate o f 3.3 per nucleotide 
and per 109 years (a value tha t is typical for pseu­
dogenes, introns and fourfold degenerate sites 
[27]) and using Jukes and C an to r’s model [28] only 
about 30% of the positions are expected to be 
identical (for random  sequences w ithout in troduc­
tion of gaps a mean o f 25% identical residues is ex­
pected). The observed, unexpected sim ilarity o f the 
intron sequences suggests that either parts o f the 
genome experience much lower nucleotide substi­
tution rates than  previously observed, or it indi­
cates the presence of functional constrains on the 
intron sequence. However, following the latter in­
dication, and using the algorithm  described in [29], 
we were not able to detect similarities in the 
predicted secondary structures for these intron 
sequences.

Clearly, the availability o f more sequences of 
this (and other) introns will provide further insight 
into the evolution o f V-type ATPases and into the 
evolution and function o f introns. Intervening se­
quences will be a valuable tool in studying the evo­
lution within the plant kingdom , especially, since 
the coding regions for this protein do not seem suf­
ficiently different to evaluate the phylogenetic re­
lationship of more closely related species.
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