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Phylogenetic Analyses in Dorylaimida Using Data from 
2-D Protein Patterns 1 

V.  R. FERRIS AND J. M. FERRIS 2 

Abstract: Data f rom two-dimensional  pro te in  pa t te rns  for nine dorylaimid isolates were  analyzed 
using P A U P ,  a compu te r  p rog ram for  infer r ing  phylogenies  unde r  the  principle of  max imum 
parsimony. With  a variety o f  available opt ions,  including b ranch  swapping and root ing,  essentially 
the  same t ree  was obta ined.  W h e n  isolates o f  the  genus Labronema were analyzed alone,  all t rees 
obta ined had the  same topology,  a l though  t ree  length  varied considerably,  depend ing  on  whe t he r  
a hypothet ical  ancestral  taxon was included. 
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The use of  numerical phylogenetics is 
widespread t h roughou t  systematics, al- 
though lively controversies exist over the 
theoretical assumptions and justifications 
for many of the procedures now in use 
(3,4,6,15). Systematists with protein data, 
e.g., isozymes, usually employ algorithms 
that utilize some distance clustering pro- 
gram in which the data analyzed consist of  
numbers representing coefficients of  over- 
all similarity or difference that are derived 
from observational data. Such algorithms 
are, therefore, phenetic in nature. The  
phylogenetic method of Hennig (10), re- 
quires discrete (character) data, rather than 
distance data, so that character states can 
be polarized by some means, either a priori 
or as part of  the analysis (7,17). It has been 
argued that for some biochemical data sets 
phenetic analyses will give the same results 
as phylogenetic analyses of the Hennigian 
type, but the issue has not been resolved 
(4,6). Because the phenetic approach uti- 
lizes total similarity, genealogical relation- 
ships will emerge only if rates of  evolu- 
tionary divergence are constant. Hennig's 
method utilizes special similarity (shared, 
derived, homologous attributes) and makes 
no explicit assumptions regarding rate con- 
stancy (4). 
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As a first step to augment classical mor- 
phology with biochemical data for study of 
evolutionary patterns in Dorylaimida, we 
used two-dimensional polyacrylamide gel 
electrophoresis (2-D PAGE) to obtain a 
broad spectrum of protein data for a group 
of nematode isolates representing several 
dorylaimid taxa (5,13). Such data may be 
analyzed phenetically or used as discrete 
character data for phylogenetic analysis. 
Previously, we compared these protein pat- 
terns among the isolates and taxa and pre- 
sented the results of a phenetic (Jaccard) 
analysis of  the data for six isolates of Lab-  

ronema (5). Here we analyze the same data 
using the computer package PAUP (Phy- 
logenetic Analysis Using Parsimony) writ- 
ten by D. L. Swofford (and available from 
him at the Illinois Natural History Survey, 
Champaign, IL). As indicated by the name, 
PAUP resolves conflicts in the data using 
the principle of parsimony (14). The  pack- 
age finds a tree of  minimal length in a Man- 
hattan metric (a dissimilarity measure often 
used in numerical cladistics, also known as 
the city-block metric) with no a priori re- 
strictions on the nature of permissible 
character-state changes. By minimizing the 
number of necessary character state trans- 
formations, the number of parallelisms and 
reversals (i.e., homoplasies) necessary to 
explain the evolution of each character on 
the postulated phylogeny is also minimized 
(14). The  branching diagrams of the trees 
generated by the PAUP program can be 
in t e rp re ted  as Hennig ian  cladograms.  
Other  approaches, besides parsimony, for 
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FIG. 1. Typical  2-D p ro t e in  pa t t e rns  for  two o f  t he  isolates, Lab- IN2 ( le f t )and  Lab-FIJI  (right),  as d iscussed 
in text  an d  (5). Sectors  I - I V  divide pa t t e rn  rough l y  on  the  basis o f  MW,  with h igh  M W  pro te ins  at top  a n d  
low MW pro te ins  at b o t t o m  ( range  f rom ca. 70 kd to ca. 14 kd) (5). Basic p ro te ins  at left and  acidic p ro te ins  
at r igh t  (most  in t he  r ange  p H  6 .7 -5 .0 )  (5). P ro te in  spots in sector  IV are  n u m b e r e d  on  ske tches  to i l lustrate  
technique .  Inspect ion  shows tha t  only one  p ro te in  spot  in sector  IV ( n u m b e r  2) was sha red  be tween  these  
isolates. 

dealing with conflicting data in phyloge- 
netic analysis include probability and com- 
patibility methods, and a considerable lit- 
erature exists debating the merits of  these 
approaches (3,4,6). We chose to use the 
PAUP program because of its flexibility, 
availability, and general sophistication (6). 

M A T E R I A L S  AND M E T H O D S  

Isolates: Sources and culturing methods 
for the 10 dorylaimid isolates have been 
given previously and comparisons of their 
protein patterns discussed in detail (5). 
Three  isolates of Labronema vulvapapiEa- 
turn (Meyl) included two from Indiana (Lab- 
IN 1 and Lab-IN2) and one from Scotland 
(Lab-EUR). Three  nominal isolates of L. 
pacificum (Cobb) were from Florida (Lab- 
FL), Hawaii (Lab-HI) and Fiji (Lab-FIJI). 
In the present study we considered the four 
additional dorylaimid isolates for which we 
previously presented 2-D protein patterns 
(5) to be an outgroup to Labronema. These 
included two species that belong to the 
"granul i fe rous  g roup"  of  Eudorylaimus 
Andrfissy (16), one from Mauritius (Eud- 
MAUR) and one from Oahu, Hawaii (Eud- 
HI); and an isolate close to Aporcelaimellus 
obscurus Thorne  and Swanger from Can- 
ada (Apor-CAN). Another  isolate (Eud- 
KAU), from a high mountain trail on Kauai 
Island, Hawaii, had morphological char- 
acteristics of both Eudorylaimus and Apor- 

celaimellus. Voucher specimens for all iso- 
lates have been deposited in the Purdue 
Nematode Collection. 

Proteins: The  protein data were from the 
earlier study (5). In brief, patterns were 
obtained by two-dimensional polyacryl- 
amide gel electrophoresis (2-D PAGE) of 
radiolabeled proteins derived from sam- 
ples comprised of  equal numbers of  adult 
females and males (when present). Proteins 
were located on gels by fluorography. Four 
to twelve patterns were obtained for each 
isolate, the t ransparent  autoradiographs 
were overlaid and compared directly, and 
proteins and polypeptides with identical 
electrophoretic properties were assumed 
to be identical (1). A sketch of the typical 
pattern for each isolate, based on study of 
all the autoradiographs available, was pre- 
pared (e.g., Fig. 1). Each pattern was di- 
vided into four sectors for analysis (Fig. 1), 
each reproducible protein spot in each sec- 
tor was numbered,  and the presence or ab- 
sence of that spot was determined for au- 
toradiographs of all gels of all isolates. Only 
protein spots consistently showing good 
enough resolution to be easily recognized 
on multiple gels were scored, and large 
protein spots formed by coalescence of 
smaller spots were subdivided into sepa- 
rately numbered proteins as required by 
comparisons of  all autoradiographs. 

Analyses: Because the earlier study (5) 
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showed that the 2-D protein patterns for 
the two Indiana isolates of  L. vulvapapil- 
latum were identical, we treated these as 
one isolate (Lab-IN) in the computer anal- 
yses reported herein. All other isolates were 
treated as separate entities in the analyses 
because each had a unique array of pro- 
teins. We scored 166 proteins, but only 
those that were phylogenetically informa- 
tive (i.e., those proteins shared by at least 
two, or fewer than n - 1 of the taxa) were 
used in the analyses. Analyses that included 
all nine isolates were based on 117 infor- 
mative proteins. In analyses of the Labro- 
nema isolates only, 28 of these proteins were 
constant in the Labronema isolates and were 
not used by the computer program in the 
length calculations for the trees. 

For inferring phylogenies under the 
principle of  max imum parsimony,  the 
PAUP program includes two basic cate- 
gories of programs: viz., exact methods that 
guarantee that the shortest tree will be 
found and heuristic methods that do not 
guarantee optimality but generally require 
less computer time. The heuristic ap- 
proach involves two steps: 1) the stepwise 
addition of  OTUs (= isolates) to a devel- 
oping tree or set of trees, and 2) the rear- 
rangement of  the tree(s) by "branch swap- 
ping" (14). For the heuristic analyses we 
used three options (SIMPLE, CLOSEST, 
and ROOTLESS) for determining the or- 
der in which OTUs are added to the tree. 
We used the GLOBAL branch-swapping 
algorithm, in which each possible subtree 
is removed from a tree during tree con- 
struction and reinserted at all other posi- 
tions, with the goal of  reducing tree length. 
We used this algorithm with MULPARS, 
which provides a means of discovering 
multiple minimum length trees when they 
exist. The  exact method we used was the 
BRANCH-AND-BOUND option of PAUP, 
which is a refinement of  Hendy and Pen- 
ny's algorithm (9). 

For rooting the trees we used three of 
the available options as follows: For the 
rooting option ANCESTOR, we included 
a "hypothetical ancestor" with all charac- 
ter states scored as plesiomorphic. The 

rooting option OUTGROUP does not re- 
quire the user to make polarity decisions 
for the characters but lets the program 
make polarity decisions, based on a com- 
bination of designated ingroup and out- 
group taxa. By allowing the outgroup 
structure to "float" during the analysis, the 
most parsimonious tree is not biased by 
erroneous polarity decisions imposed by the 
investigator (2,11,14). It is known that 
sometimes inclusion of outgroup taxa can 
introduce sufficient homoplasy to compli- 
cate the estimation of ingroup relation- 
ships. The LUNDBERG rooting option 
provides an escape from this problem by 
finding the shortest unrooted tree for the 
ingroup taxa and rooting it at the position 
where a hypothesized ancestor (only ple- 
siomorphic character states) would join the 
tree (12,14). 

Each protein was assigned a binary value 
(0,1) for each isolate, based on presence or 
absence of the protein in the pattern of the 
isolate. Two data sets were necessary to 
explore the PAUP options discussed above. 
In the first data set, used whenever the 
analysis was rooted by means of a hypo- 
thetical ancestor, the presumed plesio- 
morphic state was coded 0 and the apo- 
morphic state coded 1 for each protein. In 
some cases presence of the protein was cod- 
ed as the plesiomorphic state (0), and in 
other cases absence was considered to be 
plesiomorphic.  Polari ty decisions were 
made by the outgroup and the functional 
outgroup methods (8,11,17,18). These 
methods are based on the principle that if 
a character occurs in the close relatives of 
the group being analyzed, then the char- 
acter is probably plesiomorphic, with the 
alternate condition apomorphic. In addi- 
tion to the functional outgroup, comprised 
of the four isolates other than Labronema, 
we also examined autoradiographs of 2-D 
protein gels of additional isolates in Eu- 
dorylaimus, Aporcelaimellus, Mesodorylaimus, 
Thonus, Actinolaimus, and several monon- 
chid genera before making polarity deci- 
sions. A second data set was used whenever 
rooting was by a method other than use of 
the hypothetical ancestor. For this data set, 
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absence of  a protein was coded 0, presence 
coded 1, and the program itself deter- 
mined polarity, as discussed above. 

RESULTS 

The cladogram (Fig. 2) was based on the 
tree obtained using the branch and bound 
algorithm of PAUP, with the hypothetical 
ancestor specified. This tree took 155 steps, 
with an overall consistency index (c.i.) of 
0.76. The numbers and kinds of protein 
changes in each sector of the pattern that 
comprised the synapomorphies for each 
node are mapped on the cladogram (Fig. 
2). A + sign beside a number indicates ad- 
ditions of proteins (not previously present 
at a lower node), whereas a - beside a 
number indicates deletions of  proteins that 
were present at a lower node. Numbers of 
homoplasies (i.e., changes that occurred 
more than once in the cladogram) are in 
parentheses. Other branch swapping op- 
tions, including mulpars and global swap, 
resulted in the same tree when rooting was 
by hypothetical ancestor. Use of the simple 
addition sequence resulted in the same tree, 
even with no branch swapping. 

All of the shortest trees obtained using 
data for all nine of the taxa had the to- 
pology shown in the cladogram of Figure 
2. Indeed, in 20 computer runs, each of 
which employed some different combina- 
tion of the options available, only one 
showed a different topology, and that tree 
was several steps longer than any of the 
trees with the topology of  Figure 2. The 
topological difference was a linking of 
Apor-CAN to the Labronema branch, in- 
stead of to the branch with the remaining 
dorylaims as in the cladogram of  Figure 2. 
This different topology was obtained when 
the options of closest linkage and no swap- 
ping were combined and the tree rooted 
using the hypothetical ancestor. Whenever 
branch swapping of  any kind was permit- 
ted, a topology like that of  Figure 2 re- 
sulted, as well as a reduction in tree length, 
even when the addition sequence of closest 
linkage was specified. These results reflect 
a failure in this instance of  the stepwise 
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FIG. 2. Cladogram showingphylogenetic relation- 
ships of nine isolates of Dorylaimida, based on 2-D 
protein pattern data, with branch lengths arbitrary 
on diagram. Numbers of  synapomorphic protein 
changes from each sector of the pattern for each node 
are listed beside the branch leading to the node. + 
indicates protein additions; - indicates protein dele- 
tions; numbers in parentheses indicate homoplasies. 

algorithm to find the shortest tree in the 
absence of  branch swapping. 

Rooting the tree by means of the out- 
group instead of the hypothetical ancestor 
(as discussed in Materials and Methods), 
toge the r  with the branch and bound  
branch-swapping option, produced a tree 
with the same topology as Figure 2, but 
two steps shorter (153 steps, c.i. 0.76). 
When the rootless addition sequence was 
specified and the tree rooted by means of  
the outgroup, the same length tree was ob- 
tained even with no branch swapping. 
Lundberg rooting also produced the same 
tree with the same statistics. 

The diagrams of  Figures 3 and 4 show 
trees obtained when the analysis included 
only the data for the five Labronema iso- 
lates. (As noted, the two Lab-IN isolates 
were treated as one isolate because no dif- 
ferences in proteins could be discerned.) 
These diagrams are drawn to reflect the 
actual branch lengths shown in the analy- 
ses, and the branch lengths are also noted 
on the diagrams. As in Figure 2, other 
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FIG. 3. Shortest tree for Labronema data only, when 
rooting was by hypothetical ancestor, with branch 
lengths indicated. Other  notations as for Figure 2. 
Notations for individual isolates do not include au- 
tapomorphies. 

numbers beside the branches leading to 
nodes indicate whether the synapomor- 
phies listed involve addition or deletion of 
proteins. The numbers at the tips of the 
diagrams pertaining to the individual iso- 
lates include only those data that were also 
used elsewhere to derive the tree; i.e., data 
for autapomorphies are not listed, and the 
branch lengths listed do not include them. 

Figure 3 shows the shortest tree ob- 
tained when the hypothetical ancestor was 
used for rooting. This tree is 105 steps, c.i. 
0.85. A much shorter tree of  91 steps, c.i. 
0.95 was obtained when the outgroup was 
used for rooting (Fig. 4). A tree identical 
to Figure 4, and with the same statistics, 
was also obtained using Lundberg rooting. 
Striking differences between the trees of 
Figures 3 and 4 are the relative lengths in 
the two trees of  the branch leading to the 
node below Lab-IN and Lab-EUR and that 
leading to the rest of the taxa. In the ances- 
tor-rooted tree, the former branch is long 
and the latter relatively short, whereas the 
situation is reversed in the outgroup-root- 
ed tree. As is seen by the character state 
changes listed along the branches, in the 
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FIG. 4. Shortest tree for Labror~ema only when 
rooting was by outgroup, with branch lengths indi- 
cated. Other  notations as in Figures 2 and 3. 

ancestor-rooted tree (Fig. 3) the branch 
leading to the node below Lab-IN and Lab- 
EUR is supported by 29 protein additions 
(only four of which are homoplasies), and 
three protein deletions (of which all are 
homoplasies). In the same tree, the branch 
leading to the first node below the rest of 
the isolates is supported by five synapo- 
morphies that comprise protein additions 
and four that are deletions. In Figure 4, 
only two synapomorphies support the node 
below Lab-IN and Lab-EUR, both of which 
are protein deletions (though not homo- 
plasies). In the branch leading to the node 
below the rest of the isolates, the five syn- 
apomorphic protein additions remain but 
29 additional protein deletions are also list- 
ed as synapomorphies. 

DISCUSSION 

The branching pattern of Figure 2 was 
clearly the most parsimonious arrange- 
ment of the nine isolates analyzed by means 
of their 2-D protein pattern data. The sim- 
ilarity among nearly all our trees with re- 
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spect to pattern, length, and c.i. indicates 
that our protein data set is relatively free 
of "noise" (i.e., excessive homoplasy) that 
might interfere with attempts to demon- 
strate relationships among the taxa. We 
were surprised at the similarity of results 
between those analyses in which the pro- 
gram determined polarities (based on the 
data of the outgroup taxa) and those in 
which rooting was based on our designated 
hypothetical ancestor. 

We have drawn the cladogram of  Figure 
2 so that the presumed most primitive 
members of each of the two groups are at 
the center of the figure (Lab-IN and Lab- 
EUR for the Labronema isolates and Apor- 
CAN for the outgroup taxa), with taxa 
showing increasing apomorphy toward the 
outside of the diagram. The  arrangement 
is concordant with known morphological 
data about the group, but future data of 
all kinds can be used to test it. Our own 
unpublished data for chromosome num- 
bers in Dorylaimida are concordant, if one 
assumes a trend toward reduction in num- 
bers. We have found a haploid number of 
six chromosomes in Lab-IN and Lab-EUR, 
three in Lab-FL, and one in Lab-HI and 
Lab-FIJI, and a haploid number of 10 in 
Apor-CAN and six or seven for isolates to 
the left of Apor-CAN in Figure 2. 

The differences in branch lengths be- 
tween the trees of Figures 3 and 4 result 
partly from differences in the two com- 
puter runs of  a large group of proteins 
present only in Lab-IN and Lab-EUR and 
not in the other taxa. We interpreted the 
presence of these proteins as a synapo- 
morphy for Lab-IN and Lab-EUR and cod- 
ed our hypothetical ancestor to reflect this. 
When the Labronema species were analyzed 
alone and outgroup or Lundberg rooting 
was used (i.e., the trees were not rooted by 
means of  the hypothetical ancestor), the 
program considered the presence of these 
proteins in Lab-IN and Lab-EUR to be ple- 
siomorphic and their loss in the other taxa 
as apomorphic. We note, however, that the 
program interpreted the polarity of these 
proteins as we did when all of the taxa were 
included in the analysis. Also, we note that 
the coding changes did not alter tree to- 

pology in the Labronema analyses. Other 
coding differences also contributed to the 
shorter tree for the Labronema isolates ob- 
tained by outgroup rooting. In the analysis 
rooted by means of the hypothetical ances- 
tor, 15 proteins changed more than once 
on the tree (i.e., were homoplasious); in the 
analysis rooted by means of the outgroup, 
only five proteins changed more than once. 

Decisions about polarity for any given 
protein are necessarily difficult, primarily 
because the data for outgroup taxa are so 
severely limited. As with most coding prob- 
lems, those encountered in this study will 
be clarified when sufficient protein data ex- 
ist about additional nematode taxa to per- 
mit a well-supported hypothesis about po- 
larity for each of the proteins in question, 
or when other data are so overwhelming 
as to leave little coding choice. 

Some phylogeneticists argue that syn- 
apomorphic characters that comprise gains 
are stronger than those that comprise loss- 
es, because character loss is more likely to 
be homoplasious. This view may have some 
truth to it, although we have observed in 
2-D protein patterns of nematodes of var- 
ious taxa that apparent evolution of taxa 
into new forms is frequently characterized 
by nonrandom loss of  ancestral protein 
constellations. In the analysis of Figure 2, 
the synapomorphies at each node include 
some gains. In some branches these are 
numerous and unique, as in the branch 
leading to Lab-HI and Lab-FIJI. 

Relative to the argument that for mo- 
lecular data phylogenetic relationships can 
be retrieved from phenetic analysis, it is 
interesting to compare the cladograms with 
our earlier Jaccard analysis of the Labro- 
nema protein data (5). In that analysis the 
phenetic similarity of Lab-FL to all other 
isolates was low, but the pairwise similarity 
coefficients with Lab-HI and Lab-FIJI were 
slightly lower than those with the other 
isolates. In the present study, however, all 
analyses linked Lab-FL more closely to the 
Pacific isolates than to the others. An im- 
portant difference between the two kinds 
of analyses is that the Jaccard analysis was 
based on ancestral (plesiomorphic) as well 
as derived (apomorphic)  similarities, 
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w h e r e a s  t h e  p h y l o g e n e t i c  ana lyse s  h e r e i n  
d e s c r i b e d  b a s e d  g r o u p i n g s  o n  p r e s u m e d  
s y n a p o m o r p h i e s  on ly .  

T h e  c l a d o g r a m s  p r e s e n t e d  a r e  n o t  in- 
t e n d e d  to  s p e a k  to  t h e  q u e s t i o n  o f  t a x o -  
n o m i c  t r e a t m e n t  f o r  t h e s e  i so la tes ,  w h i c h  
we  will  a d d r e s s  e l s e w h e r e .  T h e y  do ,  h o w -  
eve r ,  o f f e r  g u i d a n c e  as to  p r o b a b l e  evo lu -  
t i o n a r y  r e l a t i o n s h i p s  w i t h i n  t h e  g r o u p .  I t  
is o u r  p r e s e n t  i n c l i n a t i o n  to  c o n s i d e r  L a b -  
CB a n d  L a b - E U R  as g e o g r a p h i c a l  v a r i a n t s  
o f  o n e  spec ies  a n d  to  c o n s i d e r  L a b - H I  a n d  
L a b - F I J I  as o n e  spec ies  also.  L a b - F L  s e e m s  
c l e a r l y  to  b e  a d i s t i n c t  spec ies .  
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