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The genus Acanthamoeba includes pathogenic and nonpathogenic strains of amebas with unclear
taxonomic and evolutionary relationships. To explore these relationships further, we have examined
mitochondrial DNA fragment patterns obtained for 15 Acanthamoeba strains by use of five restric-
tion endonucleases. The mitochondrial DNA molecules were circular, averaging 416 + 1.5 kilobase
pairs. Fragments resulting from endonuclease digestion of the DNA were separated by agarose gel
electrophoresis. Ten distinct families of electrophoretic patterns (digestion phenotypes) were obscrv-
ed. Seven phenotypes were found for seven strains considered nonpathogenic or of unknown patho-
genicity. Three phenotypes were associated with pathogenic strains. One of these phenotypes included
a single pathogenic strain, a second included one pathogen and onc strain of unknown pathogenicity,
and the third included five pathogenic strains. The latter five were of widespread geographic origin and
previously were assigned to two different species. The results suggest that extensive nucleotide sequence
diversity occurs among strains from a single species of Acanthamoeba, but that subgroups of strains
with similar sequences also occur. Thus, restriction enzyme analysis can identify clusters of strains and
may be a useful approach to classification in the genus. in classification should help
clarify relationships among pathogenic and non-pathogenic strains.
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INTRODUCTION

Classification of small free-living amebas of the genus Acanthamoeba has been a con-
tinuing problem. Approaches to this problem have relied on morphological [1-3], phy-
siological [4], or molecular variation, including antigenic differences [S—8], variation in
enzyme electrophoretic patterns [9—10], and hybridization of DNA [11]. Taxonomists

Abbreviations: ATA, aurintricarboxylic acid; BRL, Bethesda Research Laboratorics; CL, criterion
Level; kbp, kilobase pairs; mtDNA, mitochondrial DNA; p, genetic divergence (distance); $.D., standard
deviation
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agree that distinctions among amebas are relatively clear at the genus level [12], but, as
in other asexual organisms, the concept of the species is unclear. At present, it appears
that a single species in the genus can comprise a nuxmre of pz(l\og:mc and nonpathogen-
ic strains. Problems of i i and of are
by attenuation of virulence during laboratory culture [13]. Pathogenicity probably is
opportunistic [14], and it is possible that all strains have a pathogenic potential, but this
is uncertain and it is equally possible that pathogenic and nonpathogenic strains are
equivalent to distinct species.

In this communication we explore relatedness among small free-living amebas utilizing
a molecular approach based on electrophoresis of DNA fragments obtained by restriction
enzyme digestion of mitochondrial DNA (mtDNA). This method has been used for the
study of intra- and interspecific relationships in a variety of other organisms [15—19].
It is especially useful for examining affinities among closely related groups and has been
applied to the study of three other genera, F
[21], and Trypanosoma [22, 23]. We have tested the feasibility of usmg this approach
for amebas by cxamining relationships among 15 strains from four species. Strains that
have exhibited pathogenicity and others that have not were included in the study. Mito-

chondrial inheritance typically is a uni in other isms; in
asexual Acanthamoeba the process is presumed to be clonal. Although we are interested in
i ips between ic and strains, no i ip between

the mitochondrion and pathogenicity has been assumed. mtDNA diversity has been
used as an index of overall genetic relatedness as discussed in a preliminary report of
this work [24).

MATERIALS AND METHODS

Acanthamoceba strains. The term strain has been used to designate an independent isolate
from nature. Lines, which may cr may not be clones, are subcultures that are pheno-
typically different or have been cultured independently for long periods. The following
strains are the same as used previously [24]: A. astronyxis (Ray); A. polyphaga (Page 23,
Jones [H]), A. castellanii (Castellani, Chang [M], Bos [H], Boyce [H], IMVS-Rus 22 [M],
Ma [H], Neff, Lewin, Reich, Singh). [H] indicates isolation from a human infection and
[M] indicates a strain isolated from the environment, but pathogenic to mice. Names in
are strain desi; ions used in our 'y and in most cases indicate the
person most closely associated with the isolation. Pathogenicity is documented in re-
ferences cited elsewhere [24] except for IMVS-Rus 22 for which the evidence is un-
published (AR. Stevens, personal communication). Two additional strains used in this
study were obtained from A.R. Stevens: A. (Nagi ), also
Elliott, isolated from a human eyc infection in England [25]; and A. griffini (Griffin),
isolated from seawater in Connecticut [26].

Cell growth and isolation of mitochondrial DNA. Ameba stocks were cultured as pre-
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viously described [27]. For DNA preparations, cells were grown axenically in 2.5 liter
low form flasks (Corning 4422) containing 1.5 liters of optimal growth medium (OGM)
[28] agitated at SO rev/min in a rotary shaker. About 2—5 X 10°® midlog phase amebas
were used per isolation (2 shaker flasks at 9 X 10% cells/ml). Cells were harvested and
washed twice in wash buffer (660 mM sucrose, 50 mM KH,PO4, 25 mM EDTA, 200 mM
aurintricarboxylic acid [ATA, a nuclease inhibitor], pH 6.8). The washed cell pellet was
resuspended in 5—10 ml of lysis solution (500 mM NaCl, 300 mM EDTA, 1% digitonin,
2 mM ATA, pH 9). Cells were homogenized in the cold to 90% lysis using a Dounce
homogenizer with a loose Size A pestle. Mitochondrial DNA isolation was then essential-
ly as described for Podospora anserina [29] except for modifications at the CsCl gradient
step. The lysed cell mixture was saturated with solid CsCl until the refractive index ex-
ceeded 1.4. Bisbenzimide (Hoechst No. 33258) was added to a final concentration of
0.025 mg ml™" to enhance the separation of nuclear and mtDNA [30]. The refractive
index of the solution was adjusted to 1393 by the addition of DNA buffer (150 mM
NaCl, 20 mM NaH,PO4, 6 mM EDTA, pH 7.2). The mixture was transferred to poly-
allomer tubes and centrifuged at 40 000 rpm for 48—60 h at 16°C in a Beckman Ti75
rotor. A good separation into nuclear and mitochondrial DNA bands, visualized with long
wavelength UV, was obtained for each of the strains. Gradients were collected and
fractions containing mtDNA (upper band) from several gradients were combined and
recentrifuged at 38 000 rpm for 24 h. Bisbenzimide was extracted from the recovered
band three times with CsClsaturated isopropyl alcohol. The DNA-containing fractions
were dialyzed once against DNA buffer supplemented with 1 M NaCl and twice against
buffer alone. In a few cases, DNA was extracted directly from mitochondria purified
as described elsewhere [31].

The method of DNA isolation worked well for all strains tested. Circular DNA was
obtained at least for the six strains examined by electron microscopy. Degradation of
mtDNA was observed when postlog cultures were used; diffuse bands of DNA were
observed in the gradient rather than the sharp bands observed in younger cultures, lower
molecular weight fragments against a smeared background were observed in electropho-
retic gels, and the absence of circular molecules was noted by electron microscopy.
Extensive mtDNA degradation begins during late log growth phase (L. King, unpublished
observations); therefore, we isolated DNA from midlog phase cultures.

Restriction enzyme analysis. The endonucleases Hind 111, Sal 1, Bcl 1, Bgl 11, Cla 1 and
Xba 1 were purchased from Bethesda Research Laboratories (BRL., Bethesda, MD)
and Eco RI from BRL or Boehring im (Indi is, IN). A i 0.5-1
g mtDNA was incubated overnight with 5 units of enzyme in a total volume of 50 ul
using buffers specified by the enzyme supplier. The DNA fragments produced were
ethanol precipitated, resuspended in 10—20 ul DNA buffer and 7.5 ul of a solution con-
taining 50% (w/v) sucrose, 0.05% bromophenol blue and 0.1 M EDTA, and then loaded
onto gels. Vertical slab gels of 1% agarose (gel clectrophoresis grade; BRL) were used.
Gels were run at 20 mA for 12—14 h in TEA buffer (40 mM Tris, pH 8.05, 20 mM sodium
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acetate, 2 mM EDTA and 1.8 mM NaCl). Following electrophoresis, gels were stained
with 1 pg ethidium bromide/ml for 20 min and destained in water for 30 min. Gels were
visualized with a short wave UV transilluminator and photographed using an MP-4 Pola-
roid Land camera. Positive prints were obtained using Polaroid Type 667 film and nega-
tives using Kodak Royal X-pan film.

Hind 111 and Sal I digests of lambda phage were included in each gel run as size
standards. The sizes in kilobase pairs of Hind III fragments used for standard curves
were 27.8 (fragments No. 1 and No. 4), 23.5 (No. 1), 9.7 (No. 2), 6.6 (No. 3), 4.3 (No.
4),2.2 (No. 5), 2.1 (No. 6) and 0.59 (No. 7). Values were obtained directly from BRL;
fragment No. 7 differs from the value published in the BRL 1981/82 catalogue. The Sal
1 fragment sizes were 33.2 (No. 1), 15.3 (No. 2) and 0.54 (No. 3). We plotted logso of
fragment size vs. distance migrated. The region from approx. 2 to approx. 15 kilobase
pairs (kbp) was log-linear whereas the curve was nonlinear for the larger and smaller
fragments. Curves were made to fit by eye.

Electron microscopy. The “droplet” method [32] was used to spread DNA. A 40 ul drop
containing 0.2 ug mI™ DNA, 10 mM formaldehyde, 150 mM NH, acetate and 0.3 pg
mI! cytochrome c at pH 7 was allowed to spread for 25 min. DNA was picked up on
parlodion-coated grids and grids were stained in 2% uranyl acetate in 95% ethanol for
30's, fixed for one min in 95% ethanol and rotary shadowed with platinum. The replicat-
ing form of phage ¢X174, which was used as an internal standard (BRL; 5386 bp), led
to a 1.5% underestimation of the size of phage lambda (BRL; 49 kbp). Therefore, our
electron microscopic size estimates for circular mtDNA molecules were increased by
1.5%

Genetic di Quantitative di in mtDNA ide sequences (genetic
divergence) were estimated using the method of Upholt [33] as modified by Engels
[34]. This approach estimates sequence di from the ion of p phi

restriction sites, which can be determined directly from restriction site maps, or, as in
our usage, indirectly from comparisons of fragment sizes. The estimated sequence differ-
ence between two mitochondrial genomes () was calculated for each enzyme by,

P =klQ2jm - jk)

where (k) is the number of polymorphic restriction sites in the two genomes; (j) is the
number of base pairs per restriction site; and (m) is the sum of monomorphic and poly-
morphic restriction sites in the two genomes. Engels [34] provides a table of (k) values
based on various combinations of (G), the number of monomorphic fragments (i.c. the
same size in both genomes), and (F), the total number of fragments from both genomes.
The total number of restriction sites (#2) in a circular genome is calculated from

m=(F+R)2.
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The various parameters are illustrated diagrammatically clsewhere [24]. Matrices of f
values were subjected to cluster analysis by the UPGMA method [35], and used to con-
struct the All were using a computer program

designed by and available from P.A. Fuerst, Department of Genetics, The Ohio State
University.

RESULTS

DNA fragment patterns. Mitochondrial DNA isolated from several Acanthamocba strains
was cigested with up to 17 different restriction enzymes to determine which enzymes
would produce a relatively small number of fragments [18]. This permits shared frag-
ments to be identified with less ambiguity than would occur if the number of fragments
were larger [18]. Bel 1, Bgl 11, Cla 1, Eco RI, and Xba I, enzymes with 6-base recogni
sequences containing two GC and four AT pairs were satisfactory. Fragment sizes obtain-
ed following digestion with these enzymes arc given in Table I for the digestion pheno-

TABLE I

Fragment size estimates® for ten digestion phenotypes

Digestion phenotype

Cast- Lewin Neff® Singh Reich Ray Bos Ma  Page23 Griffin
Endonuclease 1Nt

fragments |

IS
EN
©
©

10

Bell a 170 114% 135 147 145 158 144 171 233 19.4
10 03 06 07 08 05 06 L5 L6 0.7

b 682 546 102 138 740 860 8.4 684 116 9.5
0.05 006 03 07 020 020 042 020 07 0.08
© 638 527 810 579 604 647 619 554 617 420
015 005 035 016 016 012 026 011 020 008

d 3.08 451 347 311 347 518 538 417 229 395
011 003 006 005 009 0I 015 008 004 011

© 281 282 287° 286 310 475 501 306 085 269
002 011 006 003 008 010 014 008 005 025
f 248 155 073 108 291 198 279 244
0.05 006 0 004 013 007 004 006
e 1.80 0.39 160 117 172
0.10 0 0.07  0.06 014
) 115 L1
0.06 0.06

continued on p. 150.
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Cast- Lewin Neff® Singh Reich Ray  Bos  Ma Page 23 Griffin
Endonuclease ~ ellani
fragments 1 2 3 4 H 6 7 8 9 10
Bl a 149 145 147 710 152 308 1S1 100 112 117
02 05 06 029 08 16 05 05 03 08
b 929128 935 562 114 144 866 650 10.0 767
017 05 031 019 05 04 019 018 05 0.34
¢ 680 362% 815 536 532 749 575 687 567
018 005 029 017 018 019 010 017 022
a 557 320 451 450 268 318 548 644 509
021 006 012 010 0.03 005 013 018 021
¢ 426 256 351 400 162 245 419 348 483
013 0.09 009 007 0.06 003 011 006 0.4
f 304 249 140 288 1.60 202 288 222 475
0.10 005 0 010 0.03 004 008 010 016
1 116 073 286 052 119 234 208
002 0 005 001 0.02 009 008
h 055 251 131 139
0 0.06 0.04 0.07
i 248 0.80 0.72
0.08 011 0.05
j 152
0.09
k 088
0.03
Clal a 946 160 946 173 139 372 149 172 131 166
047 13 026 13 0S5 10 13 14 14
b 850 952 739 729 124 677 699 124 103 6.07
032 030 014 028 04 014 032 05 07 0.20
< 733 507 659 601 7.54 576 481 465 371
028 018 045 028 027 024 017 038 0.3
d 569 457 432° 461 407 436 288 3.8 355
025 015 021 021 009 013 012 012 012
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Cast- Lewin Neff® Singh Reich Ray Bos Ma  Page23 Griffin
Endonuclease ¢11ani
fragments 1 2 3 4 s 6 7 8 9 10
Cal e 476 285> a1l 246 203 196 314 342
(contd.) 018 010 0.6 010 006 006 009 012
T 304 180 269 097 181 267
009 005 012 009 005 007
£ 258 135> 181
007 007 016
h 19 L8
007 005
i 099
0.08
EoRla 139 15§ 159 748 158 275 104° 133 114 104
08 07 06 019 06 05 04 04 04 07
b 125 694 116  626® 548 129 954 126 104 819
03 010 07 006 018 053 039 06 02 040
c 80 676 519 622 454 287 619 859 739 557
020 005 020 009 011 006 032 017 024 016
d 481 594 328 532 367 170 375 477 685  3.76°
009 007 018 013 007 001 016 020 021 010
¢ 176 335 305 335 326 182 176 441 297
005 014 017 007 o011 015 008 013 006
f 145 290 181 185 204 144 292 277
004 011 028 006 010 007 005 006
e 132 080 174 199 166
005 0 008 0.08 0.05
h 127 092 189
0.06 003 007
Xbal a 254 185 115 106 804 181 100 124 115 148
25 18 033 06 027 17 04 07 09 11

continued on p. 152.
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Cast- Lewin Neff® Singh Reich Ray Bos Ma Page 23 Griffin
Endonuclease ¢llani
fragments 1 2 3 4 5 6 7 8 9 10

Xba 1l b 708 798 988 818 513 933 795 836 526 124
(contd.) 024 028 019 037 014 039 054 044 016 067

c 401 656 537 793 470 485> 779 393 463 668
015 028 04 036 011 017 056 015 03] 0.13

d 275 449 317 492 421 245 480 299 328 3.89
0.05 013 042 044 041 007 016 008 010 057

© 135 204 201 434 405 119 425 271 321 1.70
0.22 007 003 045 009 003 016 009 010 024

f 168 166 257 302 092 251 257 263
0.05 003 007 007 007 008 010 011

g 132 158 136 208 133 1712 247
0.04 004 004 005 0.08 007 010

n 095 090 190 093 142 195
0.07 003 005 011 007 005

i 086 075 154 072 116 184
007  0.02 003 0 0.07  0.06

i 0.79 1.31 101 163
0.08 0.04 0.05  0.07

k 0.71 046 1.02
0.07 0.05  0.06

1 094
0.04

4 Average fragment sizes (kbp) are in first row of cach fragment entry and standard deviations are
given in italics. Size averages are for measurements from five gels.

b Relative fluorescent intensity of this band indicates the presence of two fragments.

© Similar values for Eco R1 digest of Neff strain mtDNA have been published (42, 43].

types described below and in Table I1. Variations in fragment sizes are readily visualized

in di i i of ic patterns (e.g. Fig. 1). Patterns were

identical for mtDNA from whole cells or from purified mitochondria (not illustrated).
Fragments smaller than about 0.4 kbp were not detected by the assay conditions used
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Digestion phenotypes and strains
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Digestion Strains Species Pathogenicity®
phenotype with this
(No. and name) phenotypo
1 Castellani Castellani A. castellanii
2 Lewin Lewin A. castellanii
Nagington A. polyphaga H
3 Neff Neff A. castellanii
4 Singh Singh A. castellanii
5 Reich Reich A. castellanii
6 Ray Ray A. astronyxis
7 Bos Bos. A. castellanii H
Boyce A. castellanii H
Chang A. castellanii M
IMVS-Rus 22 A. castellanii M
Jones A. polyphaga H
8 Ma Ma A. castellanii H
9 Page 23 Page 23 A. polyphaga
10 Griffin Griffin A. griffini

@ H, isolated from human infection: M. pathogenic to mice.
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ig. 1. Fragments of mtDNA obtained by Bcl 1 digestion. Data from Table I, except for the Neff

strain. Only the OS4 linc is represented in the table. Thicker lines indicate the presence of two frag-
ments of this size. The fragment patterns illustrated accurately represent patterns obscrved on
agarose gels within the range of about 215 kbp, but the corrclation decreases outside this range
(sce Methods). Patterns for the Bos and Lewin strains arc shared by other strains classified in the

same digestion phenotypes (Table I1).
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in this study. Therefore, genome sizes obtained by summation of electrophoretic frag-
ment sizes and by electron microscopic measurements of intact mtDNA molecules
were compared to determine whether significant segments of the genome were missing,
from the fragment patterns (Table I11). Good agreement between the two methods was
obtained. The average size was 41.2 * 1.4 kbp for six strains measured by clectron micros-
copy and 414 £2.0 kbp for the same strains measured by gel electrophoresis. The overall
average size for 15 strains measured by summation of electrophoretic fragments was
41,6 * 1.5 kbp. The distributions of molecule sizes determined by clectron microscopy
dicated that a single homogeneous population of molecules was obtained from each
strain (Fig. 2).

Ten distinct fragment size patterns were obtained with each of the five enzymes (Fig.
1, Table II) indicating a relatively high degree of nucleotide sequence diversity among the
various isolates (sce below). The collection of five fragment size patterns obtained for a
single strain with the five enzymes is referred to as a digestion phenotype [15]; thus, 10
digestion phenotypes were identified. Seven of the 10 phenotypes observed were for
strains classified as A. castellanii; the three remaining phenotypes were associated with:
the Page 23 (4. polyphaga), Ray (A. astronyxis), and Griffin (A. griffini) strains re-
spectively. For purposes of comparison, fragment size patterns were obtained with Bel
1, Bgl 11, and Eco RI for two lines of the Neff strain, one from our laboratory (0$4)
and one from the laboratory of R.A. Weisman (Wiesman). Only small differences in the
patterns of the two lines were observed (e.g. Fig. 1). These differences were most likely

TABLE 1l

Genome sizes based on restriction endonuclease fragment sizes and electron microscopic measure-
ments of whole mtDNA molecules?

Digestion  Restriction endonuclease Average size

phenotype P01 BNl Clal  EcoRl  Xbal RE EMP
Castellani 415 439 414 424 406 420:1.3 41.211.6(34)
Bos 419 430 410 415 404 4161+1.0 -

Lewin 424 44.0 427 443 426 43.2:09 429+ 1.4 (30)
Ma 420 426 40.2 425 40.2 415212 -

Neff (0S4) 420 429 389 416 378 406 +2.2 41.0+ 1.6 (48)
Reich 39.0 38.7 404 38.7 36.8 387+13 39.5+09(28
Singh a3 397 w4 394 416 399:17  399:140D
P23 442 444 4Ll 434 42 #Sa4 -

Ray 44.0 452 440 450 417 440:14 429+ 1.3(36)
Griffin 397 398 390 39.1 395 394:04 -

® Genome sizes in kilobase pairs. Averages for restriction endonuclease fragments (RE) and electron

microscopic (EM) measurements include the standard deviation.
b Numbersof i Corrected EM Methods)
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ig. 2. Sice distribution of mDNA molecules measured by clectron microscopy. The Neff strain in-
cluded both 0S4 and Weisman lines.

the result of averaging fragment sizes from different DNA digests when the two lines
were run on different gels. Differences between the patterns were not evident when the
two lines were run side-by-side on the same gel.

Three phenotypes were associated with pathogenic strains. Five of these strains, in-
cluding Bos, Boyce, Chang, Jones and IMVS-Rus 22, belong to a single digestion pheno-
type. The identity of these patterns with the phenotype was unambiguous, as illustrated
for four of the strains digested with Bcl 1 and Cla 1 (Fig. 3). The Jones strain previously
has been identified as A. polyphaga [24], but the other four were classified as A.
castellanii by E. Willaert (unpublished). The Nagington strain, which was isolated from
a human eye infection and classified as A. polyphaga, has a digestion phenotype identical
to the Lewin strain (4. castellanii), which is of unknown pathogenic potential. The Ma
strain, recently isolated from a human eye infection, has a digestion phenotype that is
quite similar to, although distinct from, the Castellani strain, which was isolated in 1930
from a yeast culture. The similarity between these two strains is evident in the £co RI
and Bel 1 digests (Table 1, Fig. 1), but also can be demonstrated by quantitative analysis
of all five digests (see below).
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Fig. 3. Agarose gel electrophoretic patterns for Bel | and (la 1 digests of the Bos, Boyce, Chang and
IMVS-Rus 22 strains. Lanes contain: A, Hind 111 digest of lambda phage: B, Sal 1 digest of lamb
C-I'. Cla | digest of mDNA from Chang. IMVS-Rus 22. Bos s, in sequence: €
Bel 1 digests from Chang, IMVS-Rus 22, Bos and Boyce, in sequenc

d Boyce s

Genetic divergence. In addition to determining the existence of qualitatively distinct
digestion phenotypes, the data can be used to quantitate the amount of genetic differ-
entiation between the strains. Genetic divergence among mtDNAs from the various
strains was estimated by the method of Engels [34]. To use this method, the propor-
tion of common fragments must be determined for cach pairwise comparison of mtDNA
digests. In our study. this proportion depends on the criteria used to determine whether
two fragments measured on different gels are the same size. The most definitive criterion,
whether the fragments have the same clectrophoretic mobility when run side-by-side
on the same gel, should be used when two very similar patterns are to be compared. For
large scale surveys, a computer compilation of fragment size averages (e.g. Table [)
may be the most convenient reference source. Where appropriate, computer generated
predictions of relationships among strains can be rigorously checked by using side-by-
side co-electrophoresis of digests.
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Because there is measurement error associated with estimating fragment sizes, standard
deviations were determined. A computer program determined size identity of fragments
at four different criterion levels (0.5, 1, 1.5, and 2 standard deviation units). For example,
at a criterion level of one 8.D. (CLy,), two fragments were considered homologous when
the size difference between them was less than or equal to one times the standard devia-
tion of either fragment. The test is an empirical comparison, not a statistical one, since the
CL values do not represent levels of statistically significant deviation in mobility. This
empirical method was shown to have validity for protein electrophoresis in a study
of human hemoglobin variants with known amino acid sequence differences [36).

Estimates of the proportion of fragments shared by two strains and the estimates
of genetic divergence obtained from such data were determined at each of the four
criterion levels. Data for CLy ¢ are given in Table IV. We tricd to select a criterion level
that revealed maximum diversity without introducing artificial fragment size polymor-
phism. CLos was too stringent because it indicated fragment size differences between the
Weisman and 0S4 lines of the Neff strain, whereas, no differences in fragment mobilities
were observed when digests of the two strains were co-electrophoresed. These artificial
differences disappeared at CLyo and this criterion level proved most useful to describe
the majority of work from our laboratory (Table IV). In a few cases, especially when the
work of different technicians was compared, CL, s was judged the most stringent test
possible.

Dendrograms. Estimates of genetic divergence were used to construct dendrograms de-
picting average sequence differences among strains. Diagrams based on analysis at two
different criterion levels differed only slightly in details of branching (Fig. 4). The Ray
strain is clearly distinct from all others. The remaining strains seem to form a diffuse

o0

MLEOTIOE DIFFERENCES / 100 88SE #RIAS

H
g
£
H

4. Dendrograms representing average genetic distances among ten digestion phenotypes. Num-
bers at bottom of dendrogram represent phenotypes listed in Table I1. Distances calculated using data
in Table | and average j values for five enzymes. (A), analysis of j at CL, 5 (B), analysis at CL, ,.
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TABLE IV

Fractions of common fragments and cstimates of genetic divergence in pairwise comparisons of
digestion phenotypes®

1 2 3 4 5 6 7 8 9 10
EcoRI 0/14  1/13 115 014 110 112 sA2 012 1/14
Bglll 1/14 2/14 1y 213 0o/8 115 2/14 115 1/12
1 Ba1 115 1/16 14 2015 215 214 616 013 113
cal 113 314 M2 2 09 13 13 117 oS
Xbal 1/12 0/1S 114 216 112 114 317 019 110
315 17 216 112 114 0/14 2714 1/16

1/16 219 115 110 217 016 017 014

2 9.80° 115 13 214 114 213 115 o1 112
113 i om0/ 012 112 216 114

217 316 318 114 26 2019 221 212

316 315 111 713 113 213 215
1719 115 1/10 211 0/16 3N 0/14
3 880 7.02 2014 215 0f1s 114 016 112 113
1712 2/12 0/9 113 0/13 n1 115
2/19 2/21 mn7 3ne 2/22 5/24 1/1s

317 113 2015 s y1s 17
2/18 0/13 2/20 3/19 1/20 N7
4 741 746 108 313 0413 112 214 012 1l
Yo o/7 211 2 115 213
3/20 2/16 918 3/21 3/23 1714

0/12 214 0/14 014 216

0/9 1/16 1715 1716 213

5 857 7.6 598 5.56 0/14 3/13 2/15 1/11 12
0/7 1/4 1y 1715 o3

1/18 5/20 2/23 4/25 2/16

1/10 2/10 1/10 112
o/11  o/10  0/11  0/8
6 9388 862 1129 1236 1444 0/13 1115 0/13 0/12
1/8 0/8 0/12 0/10
316 119 321 012

1712 1/12 2/14
017 218 1/15

0/12 116 0/14
321 323 114
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v 2 3 4 5 6 7 3 9 10
012 0/14
N7 14
8 417 1140 1292 583 897 1022 1228 2 213
3/16 2/14
326 317
214
115
9 1316 875 754 9.13 894 1162 750 9.3 /10
218
219
1099 931 926 741 857 1482 882 187 833

2 Ratios above the diagonal ([G/FJ; see Methods) are provided for each of the § enzymes used in
Table I. Values below the diagonal are estimates of genetic divergence (3) based on the aggregate
data from S enzymes analyzed at CL, ,.

© Digestion phenotypes (Table I).

€ px100.

cluster, but the taxonomic level of the grouping is unclear. One possibility is that the
various phenotypes included represent a complex of sibling species (see Discussion).
There is a suggestion of some structural hierarchy within the cluster, but the only de-
finitive subgroups are the Lewin and Bos phenotypes which each contain more than one
strain, and which are each represented by single endpoints in Fig. 4.

DISCUSSION

The discovery of seven different restriction digestion phenotypes for various isolates
of A. castellanii (Table 1) suggests considerable nucleotide sequence diversity within the
species. The 4.2—12.9% estimated divergence among phenotypes within this ‘species’
(Table IV) is at least as great as the 3.6—8.2% divergence calculated from the data of
Cummings for variation among sibling species of Paramecium aurelia [20}. (Qur calcula-
tions combined the data of Cummings for five enzymes and assumed a 0% $.D, for frag-
ment size.) It also is similar to the 2.6—9.7% variation in p calculated from the data of
Goldbach et al. for phenosets (sibling species?) of Tetrahymena pyriformis [21). (Calcula-
tions in this case were for strains with one or more fragments in common and assumed a
4% S.D. for average fragment size.) These two species complexes were selected for com-
parison because they include with mi al genomes le in size
to the genome of Acanthamoeba.
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The most closely related Acanthamoeba strains are those that share the Lewin or Bos
phenotypes. With the extensive variability in DNA fragment patterns found among
strains of one species, A. castellanii, it seems reasonable to assume that strains which
share the same phenotype also should belong to a single species. However, both the
Lewin and Bos phenotypes are shared by two species, A. castellanii and A. polyphaga.
This result may be due to difficulties in distinguishing these two species, or may be
evidence for parallel or convergent evolution of mitochondrial genomes. The first ex-
planation seems most probable.

In contrast to a previous suggestion which was based on less data [24], it now appears
that the Page 23 phenotype (A. polyphaga) is as closely related to the seven phenotypes
of A. castellanii (ave. p = 9.2 * 1.2%) as the latter are to each other (ave. p =8.0 +
09%). The Griffin phenotype (A. griffini) is also related to the phenotypes of A.
castellanii 1o about the same extent (ave. p = 8.7 + 0.9%). The Ray phenotype is the
most distinct, differing from all other phenotypes by an average p of 11.4 £ 2.1%. In-
clusion of all strains, except Ray, in a single species complex would be consistent with the

estimated genetic di on the ic value of p calculated from
fragment size polymorphism should be reserved, however, until more is known about
details of sequence ization in the mitoch ial genome of and

about the relationship of p to actual nucleotide sequence diversity .

We used DNA fragment size polymorphism to estimate nucleotide sequence poly-
morphism in the expectation that the latter would correlate with overall genetic related-
ness of the various strains [24). The method of Engels [34], like the original Upholt
approach [33], assumes that the frequency and distribution of restriction sites in the
mitochondrial genome are random; that the gain or loss of restriction sites during evolu-
tion occurs primarily by single nucleotide changes, at least for very closely related organ-
isms; and that the probability of nucleotide change is the same for all nucleotide posi-
tions. There is evidence that the frequency and/or linear distribution of restriction sites
for some, but not all, enzymes is nonrandom in human mtDNA [37] ; that the probability
of nucleotide changes becoming fixed during evolution is not equal for all nucleotide po-
sitions in rat [38] or primate [39] mtDNA; and that evolutionary change is not limited
to single i itutions in larger mi al genomes where, for example,
major insertions have occurred in the approx. 70 kbp yeast genome [40] and more ex-
tensive rearrangements have occurred in the approx. 500 kbp genome of corn [41].
It is probable, therefore, that our quantitative estimates of genetic divergence will require
revision as information about mtDNA sequence organization in Acanthamocba develops.
Whether these revisions signil alter our ion of overall genetic
among strains remains to be seen.

One perplexing question has been whether all strains of Acanthamoeba have a patho-
genic potential, or whether there are distinct pathogenic subgroups of strains. Attenua-
tion of pathogenicity during laboratory culture [13] may make it difficult to determine
whether a number of presently maintained lines were originally pathogenic. Our dis-
covery that the five members of the Bos group share a single restriction digestion pheno-
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type is consistent with the possibility that there are distinct pathogenic subgroups. It
is clear, however, that pathogenicity is not associated with a single subgroup. The
pathogenic Nagington and Ma strains have very different phenotypes, each distinct from
the Bos phenotype and from two other pathogenic phenotypes recently identified by
preliminary work in our laboratory. Since pathogenicity has not been tested in some of
the strains that we have examined, further study of this character will be necessary before
we can d ine how many might exist.
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