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The aphid Schizaphis graminum is dependent on its prokaryotic endosymbiont, Buchnera aphidicola. As a
means of determining B. aphidicola numbers during the growth cycle of the aphid we have used the quantitative
PCR to measure the number of copies of rrs (the gene coding for 16S rRNA, which is present as one copy in
the B. aphidicola genome). In addition we have measured the aphid wet weight and the DNA and protein
content. The results indicate an approximately parallel (23- to 31-fold) increase of these properties during the
period of aphid growth. A 1-day-old aphid (24 pg [wet weight]) has 0.2 X 10° copies of rrs, while a 9-day-old
aphid (497 pg [wet weight]) has 5.6 x 10° copies. The coupling of endosymbiont and aphid growth is consistent
with the requirement of the endosymbiont for growth and reproduction of the aphid.

Aphids are major pests of agriculturally important plants
(17). Nearly all aphids harbor, in vesicles within specialized
cells (mycetocytes), a prokaryotic endosymbiont which cannot
be grown outside the aphid host (5, 8). The mycetocytes form
a loose aggregate in the aphid body cavity known as the
mycetome. Their number remains fairly constant during aphid
growth but their volume increases (3). Aphids are dependent
on endosymbionts; their elimination by antibiotics or other
treatments leads to sterility and eventual death of the aphid (2,
8, 10, 16, 18). We have chosen for study the endosymbiont
(Buchnera aphidicola) of the aphid Schizaphis graminum (1).
This aphid is an important pest of cereals (17). Our results
have indicated that B. aphidicola resembles free-living bacteria
and not organelles in that it has genes coding for proteins
involved in DNA synthesis, transcription, and translation, in
protein secretion, and in energy-yielding metabolism (1). Iso-
lated endosymbionts from Acyrthosiphon pisum have been
shown to make over 210 different proteins (10). Evidence that
among the functions of the endosymbiont are the overproduc-
tion of tryptophan, cysteine, and methionine for the aphid host
has been presented (4, 11, 14). Sequence comparisons of
endosymbiont 16S rRNA indicated that Escherichia coli is the
nearest known relative (12, 15). Like other slowly growing
bacteria, B. aphidicola has only one copy of rrs, rrl, and rrf
(genes coding for 168, 23S, and 5S rRNA, respectively) (13, 19,
25). B. aphidicola also differs from most bacteria in having rrs
unlinked to 7 and rrf (13, 19).

There are several studies dealing with the growth kinetics of
aphids during their most active reproductive stage, that is,
females reproducing by parthenogenesis and giving birth to
live young (22, 24). Since the mother aphid contains embryos
in different stages of development, most of the results repre-
sent measurements of the constituents present in both the
mother and the daughter embryos. Recently a method for the
quantitation of mRNA in total RNA preparations (quantita-
tive PCR) has been developed (6, 7, 21). This method can also
be used for the estimation of the number of gene copies
present in a DNA preparation. In the present study we
determined the number of B. aphidicola rrs copies in the total
DNA obtained from aphids at different times of their growth
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cycle. Since rrs is present as a single copy in the B. aphidicola
genome (13), the results are an estimate of the number of
endosymbiont cells.

Wet weight and protein content. S. graminum biotype E was
grown on barley (CM72) at 24°C with a photoperiod of 16 h of
light and 8 h of dark (14). Three aphids, in their reproductive
stage of development, were placed by means of a thin camel’s
hair brush on the leaf of a 5-day-old barley seedling. After 16
to 18 h the mothers were removed and the incubation was
continued. All plants were inspected daily. The birth of young
was usually detected after 8 days, and the daughters were
removed. At the specified times aphids were harvested,
counted, and weighed with a Denver Instrument Co. (Denver,
Colo.) model 100A balance. Depending of the age of the
aphids, the weight of samples ranged from 4.2 to 36 mg.
Samples were transferred to Kontes Scientific Glassware/
Instrument Co. (Vineland, N.J.) microcentrifuge tubes, which
were supplied with plastic pestles, and frozen at —70°C until
use. Samples were made up to 2% (wt/wt) in 1 N NaOH, and
the aphids were disrupted with the pestle and heated at 100°C
for 10 min. After centrifugation, protein was determined by
using the BCA Protein Assay Reagent (Pierce Co., Rockford,
I1l.) with serum bovine albumin as the standard. The results are
presented in Table 1 and Fig. 1. Aphids born within the initial
period of 16 to 18 h had a weight of 24 pg. The wet weight of
the aphids increased up to about 10 days; at 12 days the weight
represented a 22.6-fold increase over the weight of the 1-day-
old aphid. Protein increase paralleled that of the wet weight; a
12-day-old aphid had a 26.2-fold increase in protein over that
of the 1-day-old aphid. In a 12-day-old aphid, protein consti-
tuted 8.7% of the wet weight and 32.9% of the dry weight (dry
weight of the aphid was 26.4% = 0.2% of the wet weight).

Determination of DNA content and rrs copy numbers. The
methods used for the purification of DNA have been previ-
ously described (11, 20, 23). Only an outline and slight
modification are given here. Aphids were suspended in lysis
buffer and disrupted with a pestle. Following digestion with
proteinase K and RNase, the preparation was extracted twice
with phenol-chloroform and precipitated with sodium acetate-
ethanol, and the precipitate was washed with 70% ethanol. The
samples were resuspended in 10 pl of TE (20) for each
milligram of the initial sample weight and heated for 10 min at
65°C. Aliquots were digested with Xbal, a treatment which
helps dissolve the DNA and gives a 6.2-kb DNA fragment
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TABLE 1. Growth characteristics of S. graminum and its endosymbiont (B. aphidicola)

No. of aphids No. of . Concn (pg/aphid) of: No. of rrs copies/ No. of rrs copies
Day countgd samples Aphid wt (ug) Protein DNA pg of aphid ll))NA (106)/aphig
1 1,530 8 24029 1.8 0.054 3.74 £ 0.12 0.20
2 322 3 445 +1.0 0.099 3.79 £ 042 0.38
3 863 8 68.6 = 1.9 52 0.148 373 +0.21 0.55
4 191 3 111.3 = 6.7 7.8 0.246 228 +0.21 0.56
5 271 5 1780 5.3 12.8 0.452 2.11 £ 0.27 0.95
6 157 3 242.7 * 8.7 0.788 2.62 £ 0.15 2.07 -
7 232 5 3242+ 150 25.8 1.088 3.50 £ 0.25 3.81
8 155 3 437.0 £ 5.6 35.4 1.433 3.67 = 0.20 5.26
9 143 3 4973 + 12.7 41.7 1.667 3.36 = 0.21 5.60
10 137 3 5350 %72 454
11 188 3 541.0 £ 12.1 46.8 1.640 3.06 = 0.17 5.02
12 162 4 541.3 £ 10.8 47.1 1.681 3.06 = 0.08 5.14

containing B. aphidicola rrs. DNA was quantitated with a
model 450 fluorometer (Sequoia-Turner, Mountain View,
Calif.) with Hoechst dye 33258 (Polysciences, Inc., Warrington,
Pa.) as described by the fluorometer manufacturer with A
bacteriophage as the standard. The results (Table 1 and Fig. 2)
indicate that the increase in the DNA content per aphid
approximately parallels the increase in wet weight and protein
content. The maximum DNA content, observed at 9 days,
corresponds to 0.34% of the aphid wet weight, or 1.27% of the
dry weight. Using a different aphid and a different method of
DNA determination, Srivastava et al. (22) found that in a
12-day-old aphid, DNA constituted 0.2% of the wet weight.
The principle and methodology of competitive PCR have
been described (6, 7, 21). The rrs of the endosymbiont of A4.
pisum, which is closely related to the rrs from B. aphidicola
(15), has two EcoRI sites 328 bp apart (23). This EcoRI
fragment was removed from pBluescript (Stratagene, La Jolla,
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FIG. 1. Growth kinetics of S. graminum (aphid) and B. aphidicola
(endosymbiont). Left axis, aphid weight (micrograms) (O); right axis,
number of rrs copies (10°) per aphid (@), micrograms of protein (10')
per aphid (OJ), and micrograms of DNA per aphid ().

Calif.) containing an rrs insert, and the resulting construct was
designated Arrs. Initially 77s was quantitated in an S. graminum
DNA preparation obtained from a vigorously growing aphid
population. The PCR mixtures (50 wl each) consisted of
different amounts of S. graminum DNA, 5 pmol of the oligo-
nucleotides described in reference 15 per pl, 1,190 molecules
of Arrs per pl, 0.025 U of Taq polymerase per pl, and the
components of the GeneAMP PCR Reagent Kit (Perkin
Elmer Corp., Norwalk, Conn.). The procedures used are
described by the manufacturer. The following controls were
included in each experiment: (i) no aphid DNA, (ii) only Arrs,
and (iii) only r7s (aphid DNA). DNA was denatured by
exposure to 95°C for 5 min followed by 30 cycles of 1 min at
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FIG. 2. Quantitation of rrs copies by competitive PCR. rrs/Arrs,
ratio of peak heights of the complete 16S rRNA gene from S.
graminum DNA (rrs) to the peak height of the 16S rRNA gene
containing a deletion (Arrs). Bottom axis, concentrations S. graminum
DNA obtained from a population containing aphids of different ages;
top axis, s copy numbers in this DNA. Dashed lines enclose the range
of rrs/Arrs ratios and rrs copy numbers found in DNA preparations
obtained from aphids of different ages.
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95°C, 2 min at 55°C, and 3 min at 70°C. After electrophoresis
in 1% agarose (20-pl samples) and staining with ethidium
bromide (20) the gels were photographed with Polaroid Corp.
(Cambridge, Mass.) 665 film. The negatives were scanned by
means of a Hoefer Scientific Instruments (San Francisco,
Calif.) GS-300 scanning densitometer equipped with the GS-
370 Data Analysis Systems, and the peak heights were deter-
mined. Following correction for size (rrs = 1,510 bp; Arrs =
1,182 bp), the ratio of the average peak heights (rrs/Arrs) was
plotted against the concentration of aphid DNA (Fig. 2). At a
ratio of 1.0 (equivalence), 215 pg of aphid DNA contained
1,090 copies of rrs. By using the latter value, the number of rrs
copies per microliter was substituted for the amount (pico-
grams) of aphid DNA per microliter (Fig. 2). The same aphid
DNA preparation was tested at 200 pg/pl in a set of six
replicate PCR experiments. From the ratios of rrs to Arrs and
the plot presented in Fig. 2, a value of 4.79 =+ 0.26 copies of rrs
per pg of DNA was obtained. This is in agreement with the
number of #pB copies in this preparation (5.1 * 1.0/pg of
DNA), previously determined by quantitation of bands in
Southern blots (11).

The numbers of copies of rrs in the DNAs obtained from S.
graminum at different stages of growth were determined with
200 wg of the DNA preparation per pl. A single set of
experiments consisted of a replicate determination of each of
the 11 time points; each set of experiments was performed
three times. The rrs/Arrs ratios ranged from 0.56 to 0.82 (Fig.
2). There is some variation with respect to the number of rrs
copies per picogram of aphid DNA (Table 1). At days 4 to 5
there is a drop followed by a gradual increase (6 to 9 days) and
a subsequent slight drop (11 to 12 days). The significance (if
any) of these changes is not known. Figure 1 presents a plot of
the total number of rrs copies per aphid. At days 4 to 6 the
increase in the number of rrs copies appears to lag behind the
increase in aphid wet weight; subsequently the number of rrs
copies increases faster than aphid weight. The maximum
number of copies is observed at 9 days and corresponds to a
28-fold increase over the number of rrs copies in a 1-day-old
aphid. The value 5.6 X 10° s copies per 9-day-old aphid
(Table 1) is in agreement with the estimates of 5 X 10° endo-
symbionts for the adult 4. pisum (4) and 1 X 10° endosym-
bionts per mg of aphid (wet weight) (24). By using the genome
size of the A. pisum endosymbiont (9), it was calculated that
8.7% of the DNA of a 9-day-old aphid would be endosymbiont
DNA.

The results of the present study are consistent with studies of
growth of 4. pisum (22) and its endosymbionts (24). Previously
it has been established that during growth of two aphid species
the number of mycetocytes does not change but their volume
is increased (3); upon reaching maturity there is a decrease in
the number of mycetocytes. Observations with the electron
microscope have indicated that during the period of active
growth the endosymbionts have a regular appearance charac-
teristic of healthy cells but that they begin to disintegrate when
the number of mycetocytes decreases (8, 10, 24). Our deter-
mination of rrs copy numbers does not distinguish between B.
aphidicola rrs in the mother and that in the embryos. The rate
of cell division in these two populations is different since in A.
pisum a higher frequency of dividing endosymbionts was
observed in embryonic than in maternal mycetocytes (24). The
increase in B. aphidicola rrs copy number and the normal
appearance of the bacterial cells suggests that during the
growth of S. graminum there is an orderly increase in all of the
B. aphidicola constituents. This is consistent with the demon-
stration that the endosymbiont has genes involved in DNA
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biosynthesis, transcription, and translation, in protein secre-
tion, and in tryptophan biosynthesis (1, 11, 14).

This material is based on work supported by the National Science
Foundation under award IBN-9201285 and by the University of
California Experiment Station.

REFERENCES

1. Baumann, P., M. A. Munson, C.-Y. Lai, M. A. Clark, L. Baumann,
N. A. Moran, and B. C. Campbell. 1993. Origin and properties of
bacterial endosymbionts of aphids, whiteflies, and mealybugs.
ASM News 59:21-24.

2. Douglas, A. E. 1989. Mycetocyte symbiosis in insects. Biol. Rev.
64:409-434.

3. Douglas, A. E., and A. F. G. Dixon. 1987. The mycetocyte symbiosis
of aphids: variation with age and morph in virginoparae of
Megoura viviae and Acyrthosiphon pisum. J. Insect Physiol. 33:109-
113.

4. Douglas, A. E., and W. A. Prosser. 1992. Synthesis of the essential
amino acid tryptophan in the pea aphid (Acyrthosiphon pisum)
symbiosis. J. Insect Physiol. 38:565-568.

5. Fukatsu, T., and H. Ishikawa. 1992. A novel eukaryotic extracel-
lular symbiont in an aphid, Astegopteryx styraci (Homoptera,
Aphidiae, Hormaphidinae). J. Insect Physiol. 38:765-773.

6. Gilliland, G., S. Perrin, K. Blanchard, and H. F. Bunn. 1990.
Competitive PCR for quantitation of mRNA, p. 60-69. In M. A.
Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (ed.), PCR
protocols: a guide to methods and applications. Academic Press,
Inc., San Diego, Calif.

7. Gilliland, G., S. Perrin, K. Blanchard, and H. F. Bunn. 1990.
Analysis of cytokine mRNA and DNA: detection and quantitation
by competitive polymerase chain reaction. Proc. Natl. Acad. Sci.
USA 87:2725-2729.

8. Houk, E. J., and G. W. Griffiths. 1980. Intracellular symbiotes of
the Homoptera. Annu. Rev. Entomol. 25:161-187.

9. Ishikawa, H. 1987. Nucleotide composition and kinetic complexity
of the genomic DNA of an intracellular symbiont in the pea aphid,
Acyrthosiphon pisum. J. Mol. Evol. 24:205-211.

10. Ishikawa, H. 1989. Biochemical and molecular aspects of endo-
symbiosis in insects. Int. Rev. Cytol. 116:145.

11. Lai, C.-Y., L. Baumann, and P. Baumann. 1994. Amplification of
trpEG; an adaptation of Buchnera aphidicola to an endosymbiotic
association with aphids. Proc. Natl. Acad. Sci. USA 91:3819-3823.

12. Moran, N., and P. Baumann. 1994. Phylogenetics of cytoplasmi-
cally inherited microorganisms of arthropods. Trends Ecol. Evol.
9:1-37.

13. Munson, M. A,, L. Baumann, and P. Baumann. 1993. Buchnera
aphidicola (a prokaryotic endosymbiont of aphids) contains a
putative 16S rRNA operon unlinked to the 23S rRNA-encoding
gene: sequence determination, and promoter and terminator
analysis. Gene 137:171-178.

14. Munson, M. A., and P. Baumann. 1993. Molecular cloning and
nucleotide sequence of a putative trpDC(F)BA operon in Buchnera
aphidicola (endosymbiont of the aphid Schizaphis graminum). J.
Bacteriol. 175:6426—6432.

15. Munson, M. A., P. Baumann, M. A. Clark, L. Baumann, N. A.
Moran, D. J. Voegtlin, and B. C. Campbell. 1991. Evidence for the
establishment of aphid-eubacterium endosymbiosis in an ancestor
of four aphid families. J. Bacteriol. 173:6321-6324.

16. Ohtaka, C., and H. Ishikawa. 1991. Effects of heat treatment on
the symbiotic system of an aphid mycetocyte. Symbiosis 11:19-30.

17. Pfadt, R. E. 1978. Fundamentals of applied entomology, 3rd ed.
MacMillan Publishing Co., Inc., New York.

18. Prosser, W. A, and A. E. Douglas. 1991. The aposymbiotic aphid:
an analysis of chlortetracycline-treated pea aphid, Acyrthosiphon
pisum. J. Insect Physiol. 37:713-719.

19. Rouhbakhsh, D. Personal communication.

20. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning; a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, N.Y.

21. Siebert, P. D., and J. W. Larrick. 1992. Competitive PCR. Nature
(London) 359:557-558.

22. Srivastava, P. N, J. L. Auclair, and U. Srivastava. 1980. Nucleic



VoL. 60, 1994

23.

acid, nucleotide and protein concentrations in the pea aphid,
Acyrthosiphon pisum, during larval growth and development. In-
sect Biochem. 10:209-213.

Unterman, B. M., P. Baumann, and D. L. McLean. 1989. Pea
aphid symbiont relationships established by analysis of 16S rR-
NA:s. J. Bacteriol. 171:2970-2974.

NOTES 3443

24. Whitehead, L. F., and A. E. Douglas. 1993. Populations of symbi-
otic bacteria in the parthenogenetic pea aphid (Acyrthosiphon
pisum) symbiosis. Proc. R. Soc. Lond. Ser. B 254:29-32.

25. Wolfe, C. J., and M. G. Haygood. 1993. Bioluminescent symbionts
of the Caribbean flashlight fish (Kryprophanaron alfredi) have a
single rRNA operon. Mol. Mar. Microbiol. Biotechnol. 2:189-197.



