
* « « ^ - REPORTS 
8. C. M. Alpuche-Aranda, J. A. Swanson, W. P. Loo-

mis, S. I. Miller, Proc. Natl. Acad. Sci. U.S.A. 89, 
10079(1992). 

9. D. M. Heithoff et al., ibid. 94, 934 (1997). 
10. H. Takada and S. Kotani, in Bacterial Endotoxic Li-

popolysaccharides, vol. 1, Molecular Biochemistry 
and Cellular Biology, D. C. Morrison and J. L. Ryan, 
Eds. (CRC Press, Boca Raton, FL, 1992), pp. 107-
130. 

11. Bacterial strains used in this study include: wild-type, 
ATCC14028s; PhoPc, CS022 with pho-24 (4);. 
PhoP", CS015 with phoP:\Tr\10d-Cam (3); and 
PhoPc-PmrA- JSG430 with pho-24 pmrAw 
Tn70c/-Tet (7). The Mg2+-ethanol precipitation pro­
cedure for isolation of LPS was chosen because it is 
effective in extracting both smooth and rough LPS 
with a high degree of purity [R. P. Darveau and R. E. 
Hancock, J.^Bacteriol. 155, 831 (1983)]. 

12. Purified LPS carbohydrate profiles were examined 
as trifluoroacetic acid derivatives by.GC. The follow­
ing values for the ratio of the O-antigen sugar rham-
nose to core sugar heptose were obtained: wild-type 
strain, 3.4; PhoPc strain, 1.3; and PhoP~ strain, 6.6. 
This indicated that PhoPc and PhoP- LPS contained 
different amounts of O-antigen substitution relative 
to wild-type LPS. Similar results were also obtained 
when whole-cell rhamnose/3-OH C14:0 ratios were 
examined [K. Bryn and E. Jantzen, J. Chromatogr. 
240,405(1982)]. 

13. Lipid A was made by hydrolysis of LPS in 1 % SDS at 
pH 4.5 [M. Caroff, A. Tacken, L Szabo, Carbohydr. 
Res. 175, 273 (1988)]. The presence of SDS is criti­
cal to obtain complete hydrolysis of LPS under less 
acidic pH conditions, such that unwanted hydrolysis 
of lipid A ester bonds is minimized. 

14. M. Karas and F. Hillenkamp, Anal. Chem. 60, 2299 
(1988); M. Karas, D. Bachman, U. Bahr, F. Hillen­
kamp, Int. J. Mass Spectrom. Ion Processes 78, 53 
(1987). 

15. J. B. Fenn, M. Mann, C. K. Meng, S. F. Wong, C. M. 
Whitehouse, Mass Spectrom. Rev. 9,37 (1990); Sci­
ence 246, 64 (1989); M. Dole, H. L. Cox, J. Gieniec, 
Adv. Chem. Ser. 125, 73 (1971). 

16. See G. Odham and E. Stenhagen, in Biochemical 
Applications of Mass Spectrometry, G. R. Waller, Ed. 
(Wiley, New York, 1972), pp. 211-228, and referenc­
es therein; N. J. Jensen and M. L. Gross, Mass Spec­
trom. Rev. 6, 497 (1987), and references therein. 

17. See E. Garcia-Vescovi, F. C. Soncini, E. A. Grois-
man, Ce//84, 165 (1996). Wild-type S. typhimurium 
was grown in N-minimal media containing 8 ^M 
MgCI2, 38 mM glycerol, and 0.1 % casamino acids. 

18. M. Vaara, J. Bacteriol. 148, 426 (1981); K. Nummila, 
I. Kilpelainen, U. Zahringer, M. Vaara, I. M. Helander, 
Mol. Microbiol. 16, 271 (1995); I. M. Helander, I. 
Kilpelainen, M. Vaara, ibid. 11, 481 (1994). 

19. R. A. Yost and R. K. Boyd, Methods Enzymol. 193, 
154(1990). 

20. The product ion mass spectra (MS2) showed differ­
ent fragmentation in the ion trap (CAD by resonant 
excitation) relative to the triple-quadrupole instru­
ment (conventional CAD). Fewer product ions were 
observed in the trap. To isolate m/z 323 in the ion 
trap, it was necessary to fragment the precursor ion 
(or ions) in the electrospray source, external to the 
trap itself. The pseudo MS2 spectrum acquired un­
der these "in source" CAD conditions at atmospheric 
pressure was similar to that generated using ~1 x 
10-3 torr of argon gas in the Sciex triple-quadrupole 
instrument (Fig. 2A). Additional stages of isolation of 
the desired precursor followed by mass analysis 
(MS3, MS4) were then performed internally (Fig. 2, B 
and C); see J. C. Schwartz and I. Jardine, Methods 
Enzymol. 270, 552 (1996); J. N. Louris et al., Anal. 
Chem. 59,1677 (1987). For detailed descriptions of 
such MS" experiments and the differences in MS-
MS experiments performed with conventional beam-
type instrumentation and quadrupole ion traps, see 
K. R. Jonscher and J. R. Yates III, Anal. Biochem. 
244, 1 (1997); J. R J. Todd, in Practical Aspects of 
Ion Trap Mass Spectrometry, vol. 3, Chemical, Envi­
ronmental and Biomedical Applications, R. E. March 
and J. F. J. Todd, Eds. (CRC Press, Boca Raton, FL, 
1995), pp. 4-26. 

21. It was also proposed that additional phosphorylation 

was taking place on a hydroxy acyl side chain, which 
was a possible explanation for m/z 323 (Fig. 2A) and 
the ion trap data (Fig. 2, B and C). Both 2- and 
3-phosphomyristate were synthesized separately by 
dissolving the respective hydroxy fatty acid (2 mg) in 
1:3:2 chloroform/triethylamine/phosphooxychloride 
(total volume 1 ml), stirring at room temperature for 6 
hours, followed by chloroform removal under dry ni­
trogen and addition of 500 |il of cold (5°C) water for 30 
min. The finished product was extracted into chloro­
form and analyzed under the same conditions used 
for lipid A (see Fig. 2). Under electrospray conditions, 
2-phosphomyristate was stable in chloroform solution 
and gave a single [M-H]- (molecular anion) at m/z 323. 
The 3-phospho product was not stable and was ob­
served to undergo a spontaneous net gain of two 
mass units, to m/z 325, followed by elimination of 
phosphate. Fragmentation of synthetic 2-phospho­
myristate observed in the triple-quadrupole MS and 
ion trap did not support assigning such a side chain to 
the modified lipid A structure. However, a structure 
containing 4' phosphate cannot be ruled out. 

22. J. E. Somerville, L Cassiano, B. Bainbridge, M. D. 
Cunningham, R. P. Darveau, J. Clin. Invest. 97, 359 
(1996); R. P. Darveau et al., Infect. Immun. 63,1311 
(1995). 

23. Two serum proteins are also involved in this process: 
LPS-binding protein (LBP) and either soluble or 
membrane-bound CD14 [S. D. Wright, R. A. Ramos, 
P. S. Tobias, R. J. Ulevitch, J. C. Mathison, Science 
249,1431 (1990); E. A. Frey et al., J. Exp. Med. 176, 
1665 (1992); J. Pugin et al., Proc. Natl. Acad. Sci. 
U.S.A. 90, 2744(1993)]. 

24. P. A. Sieling et al., Science 269, 227 (1995). 
25. P. I. Fields, E. A. Groisman, F. Heffron, ibid. 243, 

1059 (1989); S. I. Miller, W. S. Pulkkinen, M. E. Sel-
sted, J. J. Mekalanos, Infect. Immun. 58, 3706 
(1990). 

26. For previous electrospray negative-ion studies of the 

diphosphoryl form of lipid A, see S. Chan and V. N. 
Reinhold, Anal. Biochem. 218, 63 (1994); A. K. 
Harrata, L. N. Domelsmith, R..B. Cole, Biol. Mass 
Spectrom. 22, 59 (1993). For previous studies that 
used proton nuclear magnetic resonance (NMR) MS 
and positive-ion fast atom bombardment (FAB) MS, 
see K. Takayama, N. Qureshi, P. Mascagni, J. Biol. 
Chem. 258,12801 (1983); N. Qureshi, K. Takayama, 
D. Heller, C. Fenselau, ibid., p. 12947; N. Qureshi, K. 
Takayama, E. Ribi, ibid. 257, 11808 (1982). For a 
review of the biosynthesis, structure, and function of 
lipid A, see C. R. H. Raetz, J. Bacteriol. 175, 5745 
(1993). The attachment of aminoarabinose to the 
glucosamine dimer cannot be assigned unequivo­
cally on the basis of our data alone. Because the 
bond linking aminoarabinose to 4' phosphate is 
highly labile, we have been unable to isolate an ion 
containing aminoarabinose linked to a fragment of 
lipid A, other than the molecular ion itself. However, 
there are other studies that support assigning the 
aminoarabinose substitution at the 4' phosphate po­
sition {18). 

27. K. B. Lim and M. Hackett, data not shown. Both m/z 
159 and 177 lost phosphate when fragmented in the 
ion trap. 

28. We thank K. A. Walsh and L. H. Ericsson for MALDI-
TOF and triple-quadrupole mass spectrometers; J. 
R. Yates III for the ion trap; M. Sanders and W. Loyd 
for assistance with the ion trap experiments; W. N. 
Howald for the GC-MS analyses; F. Turecek and W. 
L. Nelson for reviewing the MS results; M. Gelb for 
suggesting the synthesis scheme in {21); and J. 
Kowalak, H. Wang, J. Somerville, J. Eng, A. R. Don-
gre, and E. Carmack for their assistance. Supported 
by NIH grant R01 AI30479 (S.I.M.) and the School of 
Pharmacy and Department of Medicinal Chemistry, 
University of Washington (M.H.). 

21 November 1996; accepted 20 February 1997 

Insects on Plants: Macroevolutionary 
Chemical Trends in Host Use 

Judith X. Becerra 

Determining the macroevolutionary importance of plant chemistry on herbivore host 
shifts is critical to understanding the evolution of insect-plant interactions. Molecular 
phylogenies of the ancient and speciose Blepharida (Coleoptera)-Biyrsera (Burseraceae) 
system were reconstructed and terpenoid chemical profiles for the plant species ob­
tained. Statistical analyses show that the historical patterns of host shifts strongly 
correspond to the patterns of host chemical similarity, indicating that plant chemistry has 
played a significant role in the evolution of host shifts by phytophagous insects. 

W h a t factors have directed the evolution 
of host shifts by phytophagous insects? This 
has been a central question in the field of 
plant-insect interactions for the last 30 
years (I) . Ehrlich and Raven (2) postulated 
that shifts to new hosts are mediated by the 
chemical similarity between old and new 
hosts and that host plant chemistry should 
leave its trace on phylogenetic patterns of 
host shifts at a macroevolutionary level 
However, demonstrating a role for plant 
chemistry in the macroevolution of host use 
has been difficult (3). Detailed quantitative 

Department of Ecology and Evolutionary Biology, Univer­
sity of Arizona, Tucson, AZ 85721, USA, and Instituto de 
Ecologia, Universidad Nacional Autonoma de Mexico, 
Ciudad Universitaria, 04510 Mexico DF,-Mexico. 

investigations have had to await the devel­
opment of modern molecular and phyloge­
netic techniques to reconstruct accurate 
host and herbivore trees. Also, an evolu­
tionary association of host shifts with plant 
chemistry could be spurious: Related plants 
have similar chemistry, and plant and her­
bivore phylogenies may correspond for a 
variety of biogeographic or ecological rea­
sons unrelated to chemistry. In fact, some 
studies have shown a close correspondence 
of host and insect phylogenies (4, 5), sug­
gesting that the pattern of host cladogenesis 
may be important, and that host chemical 
similarity may be overemphasized. Here, a 
quantitative investigation of the chemical 
trace in the evolution of insects and their 
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plant hosts is presented, using insect and 
plant phylogenies reconstructed from DNA 
seauences. These reconstructions of the an- 
c i e k  and diverse Bursera-Blepharida system 
were used to test the relative importance of 
chemical similarity and host cladogenesis in 
the evolutionary history of host shifts. 

Burseras are the New World frankin- 
cense and myrrh. The genus comprises 
about 100 species distributed from the 
southwestern United States to Peru. It 
reaches its maximum diversity in the trop- 
ical dry forests of Mexico, where about 80 
species occur (6). The New World members 
of the beetle genus Blepharida (Chrysomeli- 
dae: Alticinae) include about 45 species, 
many of them monophagous, which feed 
mainly on Bursera and a few other members 
of Burseraceae and its sister family Anacar- 
diaceae (7). Although New World Blepha- 
nda has been combined with the Afrotropi- 
cal genus Blepharidina, there are well- 
marked morphological differences between 
Old and New World Bkpharida, suggesting 
that the New World Blebharida form a 
monophyletic group (8). The Bursera- 
Blepharida interaction is old. In the New 
and Old World tropics Blepharida feeds on 
Anacardiaceae and Burseraceae, suggesting 
that their interaction probably started be- 
fore the separation of Africa and South 
America, more than 100 million years ago 
(5, 9). 

Bursera produces an array of terpenes, 
including alpha and beta pinene, cam- 
phene, phelandrene, and limonene (lo),  
distributed in a reticulating network of resin 
canals in the cortex of the stems and 
throughout the leaves. In some species 
these resins may be under considerable pres- 
sure and squirt out when leaves are dam- 
aged (1 1). In many plant groups terpenes 
are toxic or repellent to insect herbivores 
(1 2), and in Bursera they decrease Blepha- 
rida survival and growth rate (1 1 ,  13). The 
fact that this is an old and specialized in- 
teraction, with many species in both genera 
and well-known ecology and systematics, 
provides a valuable opportunity for testing 
macroevolutionary hypotheses. 

The molecular phylogenies of Bursera 
and Blepharida (14, 15) are shown in Fig. 1. 
All Blepharida species were collected in the 
field directly from the species they were 
attacking, and their host relationships were 
confirmed by multiple site visits over 3 to 5 
years. A dendrogram of Bursera species 
based on their chemical similarity (chemo- 
gram) was constructed to test the impor- 
tance of host chemistw in host shifts (16) . . 
(Fig. 2A). For reconstruction of the evolu- 
tion of the chemistry of Bursera, chemical 
classes were parsimoniously traced onto 
Bursera's phylogeny (17). Most clades of 
Bursera include plants that are in different 

classes, suggesting that chemical similarity 
is partially independent of plant phylogeny 
(Fig. 2B). 

To investigate whether plant chemical 
similarity facilitated host shifts by Blepha- 
rida, I compared the topology of Bkpharida's 
phylogeny with the topology of the chemo- 
gram. Also, to investigate the importance of 
host cladogenesis in insect shifts, I com- 
pared the topologies of the phylogenies of 
Bursera and Blephanda. Three techniques 

were used for the comuarisons: character 
tracing, which is graphical and not statisti- 
cal (1 7), and tree mapping ( 18) and Farris' 
distortion coefficient (1 9), which are statis- 
tical techniaues. The latter two methods 
were selectei because they do not depend 
on the operational division of clades and 
clusters, and their indices of similarity are 
sensitive even when the topologies com- 
pared are only loosely congruent, an expect- 
ed scenario for phytophagous insects, which 

Fig. 1. Feeding associations of Blepha- 
rida beetles (right) on Bursera hosts 
(left). According to the molecular phy- 
logeny of Bursera (strict consensus 
tree), the genus is monophyletic and 
consists of two principal groups known 
as sections Bullockii and Bursera. The 
four most parsimonious trees differed 
only in resolving the positions of Burs- 
era heteresthes, Bursera palmeri, and 
Bursera mirandae. They had a consis- 
tency index of 0.57 and a retention in- 
dex of 0.74. The two most parsimoni- 
ous Blepharida trees differed in the po- 
sition of Blepharida unknown sp. l l .  
They had a consistency index of 0.58 
and a retention index of 0.72. Beetle 
species were determined by D. Furth of 
the Smithsonian Institution and many of 
them are undescribed. Sequences of 
insects identified as Bursera flavo- 
costata present many genetic diver- 
gences and are very probably different 
species. For clarity, the hosts of 
polyphagous Blepharida alternata are 
not indicated (but see Fig. 3 for its host 
plants). Asterisks indicate outgroups 
and the numbers above the main 
branches of the trees are bootstrap 
percentages. 

. . .- 

HETE 

\ 
Fig. 2 (A) Dendrogram of Bursera based on chemical similarity. 
Numbers and color coding indicate the four main chemii  groups 
according to Ward's clustering method. (8) The four chsses of 
chemically similar species of Bumem are traced onto Bursera's 
phylogeny. Most lineages of Bursera include mixtures of plants that 
are in diient classes, suggesting that chemical similarity is partially 
independent of plant phylogeny. Gray lines indicate that character 
reconstruction is undetermined. 
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disperse rather freely among hosts. Tree 
mapping modifies one of two trees or cla- 
dograms until their differences are recon- 
ciled. In the present case, it modifies the 
plant tree by duplicating branches until a 
"reconciled" tree is obtained. This tech- 
nique provides two measures of fit between 
host and associate trees. "Leaves added" is 
the difference between the number of nodes 
in the insect and reconciled tree, and "loss- 
es" is the number of instances in which an 

insect species is absent where it is predicted 
to occur on the reconciled tree. Both pa- 
rameters decrease with increasing similari- 
ties of plant and insect trees [see (18) for 
details]. Farris' distortion coefficient pro- 
vides a measure of the discordance of the 
branching topology of two trees A and B by 
estimating how distorted each clade of A is 
on B. For each monophyletic cluster of A, 
one counts how many times the cluster is 
fragmented on the B tree. This number is 

I 
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divided by the number of taxa of the cluster 
minus one. For example, if a cluster of A 
includes three taxa, and they are all sepa- 
rate in tree B, then the coefficient for that 
cluster of A is 212 = 1. The distortion 
coefficient is the average of the values for 
all clusters of A. Perfect congruence yields a 
coefficient of 0, and complete distortion, a 
value of 1. Both approaches were tested 
statistically by comparing observed indices 
to the distribution of indices obtained by 
repeatedly randomizing one of the trees 
(Markovian model). 

Tracing the chemical classes onto 
Blepharida's phylogeny shows few shifts of 
Blephmida between chemically dissimilar 
plants (Fig. 3). Subclades of Blepharida ap- 
pear to have colonized species of chemically 
similar plants. For example, the lineage that 
includes Blephmfa sparsa diversified using 
burseras that belong only to one chemical 
group (in blue). Similarly, the lineage of 
Blepharida jluvocostata and Blepharida un- 
known spp. 1 and 2 evolved exploiting burs- 
eras from only two chemical groups. An 
interesting exception is the highly polyph- 
agous Blepharida alternata, which can feed 
on burseras from all the chemical groups. 
The congruence is significant with tree 
mapping ("leaves added," P < 0.006; "loss- 
es," P < 0.0002) and the distortion coeffi- 
cient (0.73, P < 0.05), which do not de- 
pend on the operational delimitation of 
chemical classes used in the figures. Char- 
acter tracing graphically demonstrates that 
Blepharida has shifted host use from one of 
the two major clades of Bursera (the two 
sections of the plant genus) to the other 
several times. Blephmida has also shifted 
between hosts belonging to different sub- 
clades several times (Fig. 4). For example, 
the lineage of B. jluvocostata and Blepharida 
unknown spp. 1 and 2 attacks burseras from 
four terminal clades, and one clade is fairly 
distantly related to the others (pink line). 
With tree mapping, the congruence of the 
two phylogenies is significant for "leaves 
added" (P < 0.05), but not for "losses" (P < 
0.26). The distortion coefficient for Bursera 
and Blephanda cladograms is 0.86 and con- 
gruence is not significant (P = 0.1). 

Because chemical similarity in Bursera is 
partially independent of its phylogeny (Fig. 
2B), it was possible to look at host shifts 
among plant chemical groups that were not 
host shifts among plant clades. In the same 
way, host shifts among plant clades that were 
also host shifts among chemical groups could 
be ignored. To do this, I modified the dis- 
tortion coefficient. As mentioned before, the 
disagreement between trees A and B is mea- 
sured by the number of fragments into which 
each cluster of tree A is broken on tree B. 
The same applies to trees A and C. But now, 
to measure the distortion between tree A 
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and tree B, for each cluster of A, the value of bootstrap analysis (500 bootstrap searches, 40 ran- flame ionization detector and a 15-m column of 

the distortion coefficient between A and c is dam additions, TBR branch swapping) was per- 0.32-mm internal diameter fused silca caplary c o -  
formed to estimate the relative internal support for umn (J & W Scientific) coated with 0.25-ym DB-5 

added to the value of the distortion coeffi- dfferent elements of the trees. The phylogeny of Fig. I were used for chemical analyses. Nitrogen served as 
cient between A and B. This mathematical includes only speces on which Blepharida was found. the carrier gas wth a linear velocity of 20.8 cm/s at a 

procedure removes shifts among chemical 
groups that are also shifts among plant clades. 
With this modification the coefficient re- 
mained statisticallv significant for the com- 
parison between ~ le~Lr ida ' s  phylogeny and 
the chemoeram (0.84, P < 0.05). However. 
for the coiparisdn of' Blepharida knd ~ursera 
phylogenies, the modified distortion coeffi- 
cient increased to 0.94 (P = 0.25). This sug- 
gests that the relationshiv between the two - 
phylogenies isdue in large part to the corre- 
lation between plant phylogeny and plant 
chemistry, whereas the relationship between 
Blepharida's phylogeny and the chemogram of 
Bursera does not depend on the correlation 
between plant phylogeny and plant chemistry. 
Thus, comparisons ignoring the correlation 
between plant phylogeny and plant chemical 
variation, as well as compaiisons controlling 
for this correlation, indicated a greater influ- 
ence of host plant chemistry than host plant 
phylogeny in the evolution of host use in 
Blebharida and Bursera. 

\ 
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Phylogenetic Analysis of Glycolytic 
Enzyme Expression 

V. A. Pierce* and D. L. Crawford?$ 

Although differences among species in enzyme maximal activity or concentration are 
often interpreted as adaptive and important for regulating metabolism, these differences 
may simply reflect phylogenetic divergence. Phylogenetic analysis of the expression of 
the glycolytic enzymes among 15 taxa of a North American fish genus (Fundulus) 
indicated that most variation in enzyme concentration is due to evolutionary distance and 
may be nonadaptive. However, three enzymes' maximal activities covary with environ- 
mental temperature and have adaptive value. Additionally, two pairs of enzymes covary, 
indicating coevolution. Thus, metabolic flux may be modulated by many different en- 
zymes rather than by a single rate-limiting enzyme. 

Phylogenetic analyses can test for the 
adaptive importance of enzyme variation 
and address the debate concerning the con- 
trol of metabolism. Manv models concern- 
ing metabolic regulatio; have been pro- 
vosed: from classical biochemical theories 
that predict one master regulatory enzyme 
per pathway ( I ) ,  to metabolic control the- 
ories that argue that many enzymes can 
modulate flux (2, 3). Experimental evi- 
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dence suggests that the control of flux shifts 
among enzymes depending on laboratory 
conditions (4, 5). In contrast, a phyloge- 
netic perspective can reveal changes in en- 
zyme amounts or activity produced by nat- 
ural selection and thus are indicative of an 
enzyme's importance over evolutionary 
time. If variation in an enzyme's concentra- 
tion is selectively important, then that vari- 
ation must have functional consequences, 
such as changes in metabolic flux. Thus, 
phylogenetic analyses that identify patterns 
of adaptive variation in particular glycolytic 
enzymes suggest that variations in these 
enzymes are functionally important. Results 
from phylogenetic analyses can be com- 
pared to the predictions of different theories 
on metabolic control. Specifically, if there 
are a few master regulatory enzymes per 
pathway, and other equilibrium (6) enzymes 
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