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that, relative to eubacteria and archaebacteria, the
It has been proposed that certain extant anaerobic eukaryotic domain is very deep (Sogin, 1989). Indeed,

protozoa are descended from organisms that diverged the number of kingdoms into which eukaryotes have
early in eukaryotic evolution prior to the acquisition been subdivided has expanded from the Plantae and
of mitochondria. Among these are the extracellular Animalia to include Fungi, Protozoa, Chromista, and
parasites Giardia lamblia, Trichomonas vaginalis, Archezoa, according to Cavalier-Smith (1993).
and Entamoeba histolytica, and the obligately intracel- The Archezoa represent the earliest branches in eu-
lular microsporidia. Phylogenetic analysis of rRNA se- karyotic evolution, prior to the acquisition of mitochon-
quences from these amitochondrial organisms sug- dria by endosymbiosis (Cavalier-Smith, 1987). The four
gests that G. lamblia, T. vaginalis, and microsporidia phyla originally included in Archezoa, with representa-
are near the base of the eukaryotic tree, while E. histo- tive pathogenic protozoa, were Archamoeba (Enta-lytica clusters with mitochondria-containing species. moeba histolytica), Metamonada (Giardia lamblia),However, since eukaryotes likely evolved by symbiotic

Microsporidia (Encephalitozoon hellem), and Parabas-associations, it is important to analyze other se-
alia (Trichomonas vaginalis). Subsequently, rRNA se-quences which may have independent origins. Unlike
quence analysis supported the early origins of theseribosomes, microtubules appear to be unique to eu-
amitochondrial organisms, with the exception that E.karyotes. Complete gene sequences for the b-tubulin
histolytica diverged later, after several mitochondria-subunit of microtubules from T. vaginalis, E. histolyt-
containing protozoa including Euglena gracilis (Sogin,ica, and the microsporidian Encephalitozoon hellem
1989). Consistent with this, two genes encoding pro-have recently been determined. Phylogenetic relation-
teins normally localized in mitochondria have beenships among these, G. lamblia, and 20 additional b-tu-
identified in this organism (Clark and Roger, 1995).bulins were analyzed by distance matrix and parsi-

mony methods, using a- and g-tubulin outgroups. All However, based on the amino acid sequence of transla-
analyses placed the E. histolytica sequence at the base tional elongation factor 1α (EF1α), E. histolytica ap-
of the b-tubulin evolutionary tree. Similar results were pears to branch earlier than E. gracilis (Bauldauf and
obtained for E. histolytica a-tubulin using a less repre- Palmer, 1993; Hasegawa et al., 1993). Various other as-
sentative set of sequences. In contrast, the E. hellem pects of its cell biology and metabolism argue for an
sequence branched considerably higher, within the early evolutionary origin for E. histolytica (Meza, 1992;
lineage containing animal and fungal b-tubulins. Pos- Bakker-Grunwald and Wöstmann, 1993). Recently,
sible explanations are considered for these unex- Cavalier-Smith (1993) has revised his definition of
pected differences between the b-tubulin and rRNA Archezoa to include organisms primitively without
trees.  1996 Academic Press, Inc. both mitochondria and hydrogenosomes (which he sug-

gests evolved from mitochondria), which excludes phy-
lum Parabasalia. Furthermore, phylum Archamoeba
has been more strictly defined, excluding EntamoebaINTRODUCTION
species (Cavalier-Smith, 1991).

These ambiguities regarding the phylogeny of amito-Molecular sequence data are being used increasingly
to analyze phylogenetic relationships among protozoa. chondrial protozoa could potentially be resolved by ana-

lyzing sequences unrelated to the translational ma-The most commonly used sequence is that of nucleus-
encoded rRNA. Analysis of these sequences suggests chinery. Microtubules are a characteristic feature of
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eukaryotic cells. They are major components of the cy- of amitochondrial protozoa originally included in Arch-
ezoa: G. lamblia (Kirk-Mason et al., 1988), T. vaginalistoskeleton, the 9 1 2 axonemes, and, most importantly,

the mitotic spindle; as such, their evolution may have (Katiyar and Edlind, 1994), E. histolytica (Katiyar and
Edlind, 1996), and E. hellem (Li et al., submitted forparalleled that of the nucleus. A symbiotic origin of mi-

crotubules has been proposed, and indeed microtubule- publication). By Southern blot analysis, the latter two
appear to have single β-tubulin genes. In contrast, G.like structures are found in a variety of prokaryotes (for

review, see Bermudes et al., 1994). However, evolution- lamblia has three (Kirk-Mason et al., 1989) and T. vagi-
nalis has six to seven gene copies. Representatives ofary relationships between the prokaryotic and eukary-

otic structures have not been demonstrated. Microtu- all or most of the T. vaginalis gene copies were partially
sequenced and shown to be .90% identical on thebules form by polymerization of tubulin, a dimer of α

and β subunits. Over 90 β-tubulin sequences from a amino acid level (Katiyar and Edlind, 1994). Similarly,
it was important to examine the remaining two G. lam-wide range of eukaryotic organisms have been reported

(Burns, 1991). Recently, we characterized the β-tubulin blia gene copies to determine if they differed signifi-
cantly from the reported copy. This was accomplishedgenes from T. vaginalis (Katiyar and Edlind, 1994), E.

histolytica (Katiyar and Edlind, 1996), and E. hellem by PCR amplification of G. lamblia DNA with primers
corresponding to conserved β-tubulin residues 99 to 107(Li et al., submitted for publication). Together with the

G. lamblia sequence (Kirk-Mason et al., 1988), all four and 260 to 267. Eleven independent clones of the PCR
product were examined and three nearly identical se-amitochondrial and eight additional protozoan phyla

are represented. Phylogenetic analysis of β-tubulin se- quences were detected. Each of the three sequences was
identified inat least twoindependentPCR analyses; con-quences, while consistent in several respects with

rRNA-based phylogenies, generated a distinctly differ- sequently, they are not artifacts and are presumed to
represent the three β-tubulin gene copies detected byent result for two of the amitochondrial protozoa.
Southern analysis. The G. lamblia btub1 gene appears

METHODS to encode the cDNA sequence reported by Kirk-Mason et
al. (1988), except that nucleotides 367–368 are GA

G. lamblia strain WB and Acanthamoeba polyphaga rather than AG as reported for the cDNA. Within the
CDC:0187:1 were cultured axenically (Katiyar and Ed- amplified region, the G. lamblia btub2 and btub3 genes
lind, 1991; Visvesvara and Balamuth, 1975). Genomic have only single nucleotide differences from btub1 (not
DNAs were prepared by proteinase K digestion and shown). On the amino acid level, btub2 β-tubulin, rela-
phenol extraction as described (Katiyar et al., 1995). tive to the btub1 product (Fig. 1), has Arg in place of
Amplification of β-tubulin gene fragments with primers Lys154, and the btub3 product has Lys in place of
BT107 and BT261R was as described (Katiyar and Ed- Glu194. Thus, there appears to be minimal variation
lind, 1994). The amplification products were cloned into among the three G. lamblia β-tubulin gene copies.
M13 and sequenced on both strands using the dideoxy

Alignment of Tubulin Sequencesprocedure. DNA and predicted protein sequences have
been deposited in GenBank under Accession Nos. The G. lamblia btub1, T. vaginalis btub1, E. histolyt-
L31802–L31805 (A. polyphaga btub1–btub4) and ica, and E. hellem β-tubulin sequences were aligned
L31811–L31813 (G. lamblia btub1–btub3). with previously reported β-tubulin sequences repre-

Alignment of tubulin sequences was performed ini- senting fungi, plants, animals, a chromist, and eight
tially by computer (IBI-Pustell software) and then additional protozoan phyla, along with α- and γ-tubulin
manually optimized. Aligned sequences were ana- sequences from Drosophila melanogaster and Schizo-
lyzed by parsimony (PROTPARS) and distance matrix saccharomyces pombe. A representative alignment is
(PROTDIST and NEIGHBOR, using Kimura’s algo- shown in Fig. 1. Up to residue 430, there were a total
rithm) methods (Felsenstein, 1993). Various α- or γ-tu- of only five single residue gaps or insertions in the
bulins, individually and together, were tested as out- alignment of 24 β-tubulin sequences; thus, alignment
groups. Consensus trees were derived and branch was unambiguous. Comparing the two α-tubulins to β-
reproducibility was estimated by performing 100 (par- tubulin (e.g., from D. melanogaster), there were four
simony) or 500 (distance) bootstrap resamplings. gaps or insertions of 1 to 3 residues; alignment was con-
Where indicated, bootstrap values were grafted onto sidered ambiguous in only two regions (around β-tu-
one of two equally short parsimony-based trees (Fig. bulin residues 45 and 360; Fig. 1). Comparing the two
2A) or onto a distance matrix-based tree with propor- γ-tubulins to β-tubulin, there were nine gaps or inser-
tional branchlengths (Fig. 2B). tions of 1 to 3 residues, and consequently somewhat

more ambiguity.
RESULTS

Phylogenetic Analysis of Complete
β-Tubulin SequencesVariation in G. lamblia β-Tubulin

Complete β-tubulin gene sequences have been re- The aligned tubulin sequences (residues 1 to 430)
were phylogenetically analyzed by parsimony and dis-ported from species representing each of the four phyla
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FIG. 1. Representative alignment of β-tubulin sequences and an α- and a γ-tubulin sequence. β-Tubulins are from D. melanogaster (Dme;
Michiels et al., 1987), G. lamblia (Gla; Kirk-Mason et al., 1988, and this study), E. hellem (Ehe; Li et al., submitted for publication), T.
vaginalis (Tva; Katiyar and Edlind, 1994), and E. histolytica (Ehi; Katiyar and Edlind, 1996). Included are α-tubulin (DmeA; Theurkauf et
al., 1986) and γ-tubulin (DmeG; Zheng et al., 1991) from D. melanogaster. Dots represent identity to the D. melanogaster β-tubulin sequence;
dashes represent gaps introduced to maximize alignment.

tance matrix methods (Felsenstein, 1993), and trees second major lineage includes β-tubulin sequences
from animals (human, D. melanogaster, and Caeno-were drawn. Various α- and γ-tubulins were tested as

outgroups. Reproducibility of specific branches was es- rhabditis elegans) and fungi (the ascomycetes or asco-
mycete-like Aspergillus nidulans, Histoplasma capsu-timated by bootstrap resampling.

As shown in Fig 2A, parsimony analysis generated latum, Neurospora crassa, Pneumocystis carinii,
Candida albicans, and S. pombe; the basidiomycetesa tree with two major lineages of β-tubulin sequences,

preceded by four independently branching sequences. Schizophyllum commune and Cryptococcus neo-
formans). This animal–fungus lineage was reproducedFive phyla from the kingdom Protozoa are represented

in one major lineage: Kinetoplasta (Trypanosoma bru- in 70% of bootstrap resamplings.
β-Tubulins from three of the four amitochondrial pro-cei), Percolozoa (Naegleria gruberi), Euglenoida (E.

gracilis), Apicomplexa (Toxoplasma gondii), and Cilio- tozoa, along with the acellular slime mold Physarum
polycephalum (phylum Mycetozoa), branched beforephora (Tetrahymena pyriformis). Organisms repre-

senting two additional kingdoms are also included: the the protozoa–plant and animal–fungus lineages de-
scribed above. The earliest branch is represented by E.oomycete Achlya klebsiana, classified in the kingdom

Chromista (Cavalier-Smith, 1993), and the alga Chla- histolytica β-tubulin, followed by T. vaginalis β-tu-
bulin. These early branchings were reproduced in 100mydomonas reinhardtii and higher plant Zea mays

from the kingdom Plantae. This protozoa–plant lineage and 81% of bootstrap resamplings, respectively. The
relative positions of the G. lamblia and P. polycepha-was reproduced in 77% of bootstrap resamplings. The
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FIG. 2. Phylogenetic trees of representative β-tubulin sequences (residues 1 to 430). Selected α- and γ-tubulin sequences were also in-
cluded; D. melanogaster γ-tubulin was the designated outgroup. (A) One of two shortest trees based on parsimony analysis (PROTPARS;
Felsenstein, 1993); the second shortest tree was identical except that the G. lamblia and P. polycephalum branches were switched. The
consensus tree obtained following 100 bootstrap resamplings was identical to that shown; numbers indicate percentage of trees in which
the group of species to the right of that branch was found (values less than 50% omitted). (B) Distance matrix-based tree with proportional
branchlengths (PROTDIST and NEIGHBOR; Felsenstein, 1993). An identical consensus tree was obtained following 500 bootstrap resam-
plings; the bootstrap percentages are indicated. The sequence set for (B) was identical to that used in (A) except that C. albicans β-tubulin
was omitted. Its addition generated a tree (lacking bootstrap support) in which the yeast (C. albicans and S. pombe) sequences branched
after E. histolytica, followed by other fungi, animals, and a G. lamblia–T. vaginalis cluster. All sequences were obtained from GenBank.

lum branches were variable, but with the sequence set nogaster, E. histolytica, or Plasmodium falciparum α-
tubulins; D. melanogaster or P. falciparum γ-tubulins).shown (Fig. 2A), both consistently followed the T. vagi-

nalis branch and preceded the protozoa–plant and ani- Using a distance matrix method with a nearly identi-
cal set of sequences to that shown in Fig. 2A, a verymal–fungus division. A similar result was obtained

when the P. polycephalum sequence was replaced by β- similar tree was generated (Fig. 2B; proportional
branchlengths are shown). Specifically, β-tubulins fromtubulin from the cellular slime mold Dictyostelium dis-

coideum; when analyzed together, P. polycephalum and E. histolytica and T. vaginalis branched first. This was
followed by a split leading to the fungus–animal lin-D. discoideum β-tubulins clustered (not shown). β-Tu-

bulin from the fourth amitochondrial protozoan, the eage (again with E. hellem branching between the asco-
mycetes and basidiomycetes) and the protozoa–plantmicrosporidian E. hellem, unexpectedly branched

within the animal–fungus lineage (Fig. 2A). Specifi- lineage (in this case, including P. polycephalum and G.
lamblia at its base). Bootstrap support for the earlycally, there was modest bootstrap support (68%) for its

inclusion within the fungi. With most, but not all, sets branching of E. histolytica β-tubulin was 100%. Sup-
port for the other key features of this tree was moreof fungal sequences tested, E. hellem β-tubulin

branched between ascomycete and basidiomycete β-tu- modest: 62% for the early branching of T. vaginalis β-
tubulin and 57% for the basidiomycete–E. hellem–as-bulins.

While the parsimony-based tree shown in Fig. 2A is comycete cluster.
Among the β-tubulins, the E. histolytica sequencerooted with both α- and γ-tubulin outgroups, nearly

identical trees, varying only in the branching of the G. displayed the longest branchlength (Fig. 2B), reflecting
its unusually low identity to other β-tubulins (54 tolamblia and P. polycephalum sequences, were obtained

using various outgroups tested individually (D. mela- 58%; Katiyar and Edlind, 1996). The second longest
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branchlength belonged to β-tubulin from S. pombe. analyzed as described above for complete β-tubulin se-
quences. As shown in Fig. 3 (parsimony analysis withWhen it was the only yeast sequence analyzed, it appro-

priately branched at the base of the ascomycetes. How- α- and γ-tubulin outgroups), the results obtained are
largely comparable to those shown in Figs. 2A and 2B.ever, the distance matrix-based trees were more sensi-

tive to the presence of highly divergent sequences than Specifically, the protozoan–plant and animal–fungus
lineages were resolved, preceded by the branches lead-the parsimony-based trees. Specifically, when the di-

vergent β-tubulins from the yeast C. albicans or Sac- ing to the T. vaginalis and E. histolytica β-tubulins. The
locations of the P. polycephalum and G. lambliacharomyces cerevisiae were added, the fungi branched

before T. vaginalis (not shown). This alternative branches, which were somewhat ambiguous in the
analysis of complete β-tubulin sequences (see above),branching was poorly supported (30% of bootstrap re-

samplings). have shifted. P. polycephalum β-tubulin now branches
within the protozoan–plant lineage, clustering with A.

Partial Sequences of A. polyphaga β-Tubulins polyphaga β-tubulin (74% bootstrap support). The G.
lamblia sequence branches at the base of the animal–Since the early branching of E. histolytica β-tubulin

was unexpected (see Discussion), it was of interest to fungus (Fig. 3) or protozoan-plant (not shown) lineages,
depending on the sequence set used. Microsporidial β-examine β-tubulin of another amoeba to determine if

high divergence in β-tubulin was correlated with the tubulin from either Encephalitozoon cuniculi (Fig. 3)
or E. hellem (not shown) remains within the animal–reduced role of microtubules in these cells. For this, the

free-living and aerobic A. polyphaga (phylum Rhizo- fungus lineage.
This parsimony-based tree of partial β-tubulin se-poda) was selected. The PCR primers described above

(corresponding to conserved β-tubulin residues 99 to quences was reproduced using a distance matrix
method (not shown), with one minor difference: the E.107 and 260 to 267) generated a DNA product of the

expected size using a genomic DNA template from A. cuniculi and S. commune branches were reversed.
However, bootstrap support for these trees was some-polyphaga. Southern blot analysis using the amplified

DNA as a hybridization probe under conditions of mod- what limited, in comparison to the tree obtained with
complete β-tubulin sequences. While early divergenceerate stringency suggested that A. polyphaga has four

β-tubulin genes (not shown). DNA sequences of the of the E. histolytica and T. vaginalis sequences was re-
produced in 85 and 71% of bootstrap resamplings, re-PCR products have been deposited with GenBank; the

results are summarized here. Four different sequences spectively, the protozoan–plant and animal–fungus
lineages were variable.were identified among 10 clones examined, in agree-

ment with the Southern blot results. Two, A. polyphaga In all three cases tested, the conserved and divergent
copies of β-tubulin from individual species (A. poly-btub1 and btub2, are closely related (98.9% identity),

while btub4 has diverged considerably on the DNA phaga, A. nidulans, and T. vaginalis) branched to-
gether.level (81.6% identify to btub1). A polyphaga btub3 is

very similar to btub1/btub2 except for a segment from
Comparison of α-Tubulin and β-Tubulin Phylogeniesapproximately nucleotide 230 to 350, which is identical

Although the α-tubulin database is smaller and lessto btub4. Thus, btub3 is an apparent recombinant. On
representative, comparing α-tubulin phylogeny withthe amino acid level (not shown), the btub1 and btub2
that obtained for β-tubulin would provide another mea-products are identical in all but one position, while the
sure of reproducibility. A parsimony analysis of com-btub4 product is highly divergent, differing from btub1
plete (residues 1 to 430), paired α- and β-tubulin se-in 26 positions. Again, the btub3 product appears to be
quences from 14 species, with a γ-tubulin outgroup, isa recombinant, identical to btub1/btub2 products ex-
shown in Fig. 4. The amitochondrial protozoa are repre-cept for the 177 to 198 region, which has 4 residues in
sented by E. histolytica only (Sánchez et al., 1994).common with the btub4 β-tubulin.
Clearly, the α- and β-tubulin trees are similar. For

Phylogenetic Analysis of Partial β-Tubulin Sequences both, the E. histolytica sequence branches first. The
fungal, animal, and protozoan–plant sequences formAlthough analyses of partial (152 residue) tubulin se-
identical clusters, although the branching within thequences are less likely to generate an accurate overall
clusters is variable.phylogeny, they may be useful for addressing specific

questions; e.g., do all amoebal β-tubulins branch early,
and do multiple β-tubulin gene copies in an organism

DISCUSSIONcompromise phylogenetic analysis? The A. polyphaga
partial β-tubulin sequences encoded by btub1 and the

β-Tubulin as a Phylogenetic Markerdivergent btub4, along with conserved and divergent β-
tubulin sequences from A. nidulans (benA and tubC) Several features of β-tubulin make it a potentially

useful molecule for phylogenetic analysis of lower eu-and T. vaginalis (btub2 and btub3), were aligned with
a representative set of sequences and phylogenetically karyotes. In contrast to rRNA and many proteins, dele-
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FIG. 3. Phylogenetic tree of representative partial β-tubulin sequences (residues 108 to 259). Selected α-tubulin and γ-tubulin sequences
were also included; S. pombe α-tubulin was the designated outgroup. Parsimony analysis (PROTPARS; Felsenstein, 1993) was employed,
and a consensus tree drawn following 100 bootstrap resamplings. Numbers indicate percentage of trees (.50%) in which the group of species
to the right of that branch were found. A nearly identical tree with similar bootstrap values (500 resamplings) was obtained using a distance
matrix method (PROTDIST and NEIGHBOR), with the exception that the E. cuniculi and S. commune branches were reversed. All sequences
were obtained from GenBank.

tions or insertions which can make alignment ambigu- nalis, and A. nidulans (Fig. 3), the conserved and diver-
gent β-tubulin copies branched together.ous are rare. Two distinct outgroups, α- and γ-tubulin,

which can be aligned with β-tubulin relatively unam- The results obtained here with β-tubulin sequences
are consistent in several major respects with results ob-biguously can be compared. While any of the three

tubulins would probably be useful, the β-tubulin se- tained with rRNA or other protein sequences. The early
divergence of plants from a lineage leading to animalsquence database is currently the largest (over 100 full-

length sequences). Also, in contrast to rRNA and sev- and fungi was recently demonstrated with rRNA (Wain-
right et al., 1993) and EF1α (Bauldauf and Palmer,eral other proteins used for phylogenetic analysis,

tubulins have been found (so far) only in eukaryotes; 1993). [Bauldauf and Palmer (1993) and Gaertig et al.
(1993) also present eukaryotic phylogenies based on β-thus, their phylogeny may more accurately parallel

that of other eukaryote-specific structures, such as the tubulin sequences; however, the protozoan components
of these phylogenies cannot be directly compared to thenucleus. A potential problem in using β-tubulin for phy-

logenetic analysis is presented by the multiple gene phylogeny presented here due to the selection of T.
brucei β-tubulin as outgroup in their studies.] Also, thecopies found in some organisms, since individual β-tu-

bulins may have evolved specialized roles accompanied relatedness of Kinetoplasta to Euglenoida and of Cilio-
phora to Apicomplexa, as well as the unrelatedness ofby significant sequence divergence. In fact, in all three

cases analyzed here, involving A. polyphaga, T. vagi- true fungi to Mycetozoa and oomycetes, was previously
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FIG. 4. Phylogenetic tree of paired α- and β-tubulin sequences (residues 1 to 430) from representative organisms; S. pombe γ-tubulin
was the designated outgroup. Parsimony analysis was employed, and a consensus tree drawn following 100 bootstrap resamplings. Numbers
indicate percentage of trees (.50%) in which the group of species to the right of that branch were found.

argued on both molecular and ultrastructural grounds and T. vaginalis (Fig. 2). A similar conclusion was
reached when the rRNA-based analysis was expanded(for review, see Cavalier-Smith, 1993), and is supported

here by β-tubulin analysis. to include a second Metamonada species, Hexamita in-
flata (Leipe et al., 1993). More significantly, the β-tu-However, the β-tubulin phylogeny is clearly different

from the rRNA phylogeny with respect to the amito- bulin-based phylogeny places microsporidia within the
animal–fungus lineage. Finally, E. histolytica provideschondrial protozoa represented in this study. Following

the initial proposal for the kingdom Archezoa (Cava- the earliest branch in the β-tubulin tree. (It should be
noted, however, that E. histolytica β-tubulin is notlier-Smith, 1987), Archamoeba were redefined to ex-

clude Entamoeba spp. from this kingdom, and Para- unique, as a partial sequence from the reptilian para-
site Entamoeba invadens reveals it to be similarly earlybasalia (e.g., T. vaginalis) were removed based on the

speculation that their hydrogenosomes evolved from branching; Katiyar and Edlind, 1996).
mitochondria (Cavalier-Smith, 1991, 1993). These

Implications for Microsporidiachanges were meant to reflect the initial proposals for
eukaryotic phylogeny based on small subunit rRNA, in A trivial explanation for the relatedness of mi-

crosporidial to fungal β-tubulins is that the presumedwhich the relative branching order was G. lamblia, mi-
crosporidia, a trichomonad, and considerably higher up E. hellem sequence is actually that of a contaminant.

Since the organisms were obtained from a clinical spec-the tree, E. histolytica (Sogin, 1989). G. lamblia also
branches before E. histolytica on an EF1α-based tree imen and propagated on mammalian host cells, this is

difficult to completely rule out; however, no fungal con-(Bauldauf and Palmer, 1993). The β-tubulin phylogeny,
first of all, reverses the relative positions of G. lamblia taminants were detected by culture on microbiological
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media. Moreover, related but distinct sequences were support the notion that eukaryotic evolution is com-
plex, and understanding it will require analysis of mul-obtained from four different microsporidial species,

three from AIDS patients (E. hellem, E. cuniculi, and tiple molecules.
Septata intestinalis) and one from an insect (Nosema
locustae) (Li et al., submitted for publication). The lat- ACKNOWLEDGMENTS
ter was also microscopically .99% pure. This strongly
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