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ABSTRACT The soybean aphid is an invasive pest in the midwest United States, with frequent
population outbreaks. Previous work has shown that aphid population densities are higher on po-
tassium-deÞcient soybean than on healthy soybean. The experiments reported here test the hypoth-
eses that the potassium nutrition of the host plant affects the forms of phloem nitrogen available to
soybean aphids, and subsequently, their abundance. In Þeld surveys and an exclusion cage study when
aphid populations were high, soybean plants with potassium deÞciency symptoms had a higher density
of soybean aphids than plants without deÞciency symptoms. In clip cage experiments, this effect was
caused by earlier aphid reproduction and higher numbers of aphid nymphs per mother on plants
growing in lower-potassium soil. In phloem exudation samples, the percentage of asparagine, an
important amino acid for aphid nutrition, increased with decreasing soil potassium, perhaps because
of potassiumÕs role in the nitrogen use of the plant. Taken together, these results show that soybean
potassium deÞciency can lead to higher populations of soybean aphid through a bottom-up effect. A
possible mechanism for this relationship is that soybean potassium deÞciency improves the nitrogen
nutrition of these N-limited insects. By releasing these herbivores from N limitation, host plant
potassium deÞciency may allow soybean aphid populations to reach higher levels more rapidly in the
Þeld.
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The soybean aphid, Aphis glycines Matsumura, is an
invasive species that was Þrst discovered in the United
States in 2000 (Venette and Ragsdale 2004). It has
rapidly become the most important insect pest of soy-
beans, Glycine max L. Merr, in midwest North Amer-
ica, with natural populations of up to 30,000 aphids per
plant during outbreaks (DiFonzo 2006).

During soybean aphid outbreaks in Michigan in
2000 and 2001, aphid population size and damage ap-
peared greater on potassium-deÞcient plants than on
plants lacking deÞciency symptoms (DiFonzo and
Hines 2002). Myers et al. (2005) showed that individ-
ual soybean aphids feeding on excised soybean leaves
with potassium deÞciency symptoms had greater fe-
cundity than aphids feeding on leaves without symp-
toms. In a manipulative Þeld experiment Myers and
Gratton (2006) showed that aphids in clip cages had
higher net reproduction and naturally occurring Þeld
populations had higher population growth rates and
peaks in potassium deÞcient plots compared with plots
with sufÞcient potassium fertilization. In addition, a
broad Þeld survey showed that soybean aphid popu-
lation growth was negatively correlated with soil ma-

cronutrients, including potassium (Myers and Gratton
2006).

Potassium deÞciency is reported to increase life-
span and rate of reproduction of the aphid Rhopa-
losiphum padi L. feeding on barley (Havlickova and
Smetankova 1998). In addition, barley grown in po-
tassium-rich soil had fewer R. padi than barley grown
in potassium-deÞcient soil 7 days after infestation
(Havlickova and Smetankova 1998). Potassium fertil-
ization is linked to nitrogen levels in the plant. Van
Emden (1966) found that an increase in potassium
fertilization of Brussels sprouts leads to a decrease in
soluble nitrogen, a correlate of phloem sap amino acid
concentration.

The acquisition of nitrogenous compounds is the
main nutritional challenge facing aphids (Terra 1988).
Aphids are thought to obtain all of their dietary ni-
trogen from amino acids translocated in the phloem
sap. Aphids are not known to use proteinases as part
of their nutritional digestion, probably because high
levels of proteinase inhibitors and extremely low pro-
tein concentrations in typical phloem sap make plant
proteins a poor nitrogen source (Sandstrom and Mo-
ran 2001). The growth rates of many species, such as
R. padi, are directly correlated to the concentration of
amino acids in the phloem of their host plants
(Weibull 1987). Potassium is an enzyme cofactor in
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the reaction that converts amino acids into proteins;
thus, low potassium levels affect the type and quantity
of amino acids translocated in the phloem (Mengel
and Kirkby 2001). In soybeans, potassium deÞciency
leads to the accumulation of asparagine (Yamada et al.
2002).

Aphids may be limited not only by the total nitrogen
in their diets but also by the form of nitrogen available,
namely the amount of certain amino acids (Anderson
et al. 2004). This limitation may be partially eliminated
by conditions that cause the amino acid composition
of phloem sap to change. Nitrogen fertilization of oats
and barley changes both the total amount and com-
position of amino acids present in the phloem sap and
increases relative growth rates of R. padi nymphs
(Weibull 1987). In these plants, most amino acids
remain at the same levels in the phloem sap after
fertilization, but glutamic acid and aspartic acid levels
increase relative to other amino acids (Weibull 1987).
Peas that are resistant toAcyrthosiphonpisum (Harris)
and wheat resistant to Diuraphis noxia (Mordvilko)
have lower levels of free amino acids in their phloem
compared with susceptible cultivars (Weibull 1987,
Telang et al. 1999). Resistance to R. padi in barley is
not related to a change in total concentration of amino
acids in the phloem, but resistant barley has a reduced
concentration of one particularly important amino
acid, asparagine (Weibull 1988).

Some aphid species do not require all of what are
normally considered to be the essential amino acids in
their diet, and the required amino acids can vary
between aphid species and populations (Srivastava
1987, Wilkinson and Douglas 2003). Aphids possess
intracellular symbiotic bacteria,Buchnera sp., and sec-
ondary gut symbionts, which manufacture certain es-
sential amino acids from nonessential amino acids in
the aphid diet (Moran et al. 2003). Buchnera sp. may
be able to synthesize essential amino acids at a higher
rate than these substances can be ingested and ab-
sorbed across the gut wall (Douglas 1998).

Several nonessential amino acids have particular
importance to aphids. In an artiÞcial diet study on the
aphid Myzus persicae, limited aphid reproduction oc-
curred on artiÞcial diets missing one of the normally
nonessential amino acids glutamine, glutamic acid,
asparagine, aspartic acid, alanine, or serine (Dadd and
Krieger 1968). Glutamate and aspartate are the only
amino acids transported across the mycetome mem-
brane from aphid hemocoel to Buchnera cells (Moran
et al. 2003). Increasing the amounts of these com-
pounds in an aphid diet can increase adult weight of
aphids (Dadd and Krieger 1968).

This paper tests the hypotheses that potassium-de-
Þcient soybeans offer soybean aphids a more favorable
amino acid composition, leading to faster population
increase.

Materials and Methods

Survey of Commercial Fields.Commercial soybean
Þelds in southwest Michigan were surveyed on 13Ð14
August 2003 and 17Ð23 August 2004. The 2003 survey

was conducted in eight Þelds in Van Buren, Calhoun,
and Kalamazoo Counties; the 2004 survey was con-
ducted in Þve Þelds in Van Buren and Calhoun Coun-
ties. In each year, Þelds with visual symptoms of po-
tassium deÞciency were chosen after discussion with
local extension agents and agribusiness contacts.

In each Þeld, paired sample sites were selected
based on visual symptoms. One sample site in each pair
was in the center of an area of severe potassium de-
Þciency (stunted plants with chlorosis and necrosis
around the outer leaf margin). The other sample site
was a nearby topographically similar location lacking
visual deÞciency symptoms (green foliage, taller
plants). At each site, soil cores, plant phloem, and
aphid populations were sampled. There were three
pairs of sample sites per Þeld, although in each year of
the survey, there was one Þeld where only two paired
samples were collected.

Soil cores (25 cm) were extracted from the center
of each sample site (4 or 6 sites/Þeld): one core per
site in 2003 and three cores per site in 2004. The soil
was submitted to the Michigan State University Soil
and Plant Nutrient Laboratory for nutrient analysis.
Three plants per sample site were chosen for phloem
sampling, which took place as described below.

To sample aphid populations, three whole plants
were randomlychosenandremoved fromeachsample
site. The plants were placed in coolers with ice packs
that maintained the temperature at �4�C. Coolers
were returned to the laboratory and stored in a cold
room at 4�C overnight. In 2003, plants were individ-
ually placed in Whirl-pack bags (Nasco, Fort Atkin-
son, WI) Þlled with 70% ethanol and stored in the cold
room until the number of aphids per plant could be
counted under a dissecting microscope. In 2004, aphid
numbers were much lower, so whole plant aphid
counts were taken the next day. In addition to a whole
plant count, the number of aphids per leaf was cal-
culated by dividing the number of aphids per plant by
the number of trifoliates per plant. In 2003, three Þelds
with active entomopathogens were excluded from the
analysis of aphid number and density because a ma-
jority of aphids appeared to be dead or dying from
infection.

For each sample pair, the differences in average soil
nutrient levels and average number of aphids per plant
between the apparently deÞcient and nondeÞcient
sample sites were calculated. Pairwise comparisons
were made using the probT option of PROC MEANS
in SAS version 8.2 (SAS Institute 1999). This option
ran a t-test to determine the probability that the dif-
ferences measured were signiÞcantly different from
zero (P � 0.05).
Exclusion Cage Study. In 2004, an exclusion cage

study was conducted to test the interaction between
soil potassium levels and soybean aphid population
size in a controlled manner. The study was conducted
in a potassium-deÞcient commercial soybean Þeld in
Van Buren County, MI.

The Þeld cages consisted of a 1-m2 frame of 1.88 cm
(3/4 in) diameter PVC tubing connected to four 1.5-m
legs of the same material through PVC three-way
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corner connectors (PlumbingStore.com). The legs of
the cage were buried 0.5 m in the soil. The frame was
covered with a cage sewn from no-see-um mesh (Ven-
ture Textiles, Braintree, MA). The edges of the cage
were buried 0.25 m in the soil. A 30-cm2 panel of bridal
tulle fabric (mesh size, 1.8 mm; JoAnne Fabrics, Lan-
sing, MI) was sewn into the top of each cage. This
allowed alate aphids generated under crowded con-
ditions in the cage to escape (A.J.W., unpublished
data), preventing them from recolonizing the plants
and causing the aphid population to reach artiÞcially
high levels. A vertical slit sealed with a strip of Velcro
hook and loop fastener on one side of the cage was
used as a door. Cages were sampled by opening the
door and leaning into the cage. When aphid-free cages
and cages containing aphids were sampled on the
same day, the aphid-free cages were sampled Þrst to
prevent accidental infestation.

The study site had an initial soil potassium level of
67 ppm as measured by a soil test just after planting.
The Þeld had a pH of 6.3, a phosphorus level of 14 ppm,
calcium level of 1173 ppm, magnesium level of 161
ppm, and a cation exchange capacity of 8.6 me/100 g.
Five blocked replicates of untreated and potassium-
amended strips, 6.1 by 36.6 m, were established in the
Þeld. Fertilization was done on 13 May by broadcast-
ing potash fertilizer (0Ð0-62; Mason Elevator, Mason,
MI) as typically done by producers in no-till Þelds in
the area. The fertilizer rate of 256.8 kg/ha potash was
determined based on the initial soil test value and the
Tri-State Fertilizer Recommendations (Vitosh et al.
1995). Four cages were established in each strip on 13
May. On 28 May, the soybeans in each cage were
thinned to 10 plants per cage. One cage per strip was
infested with one soybean aphid per plant. The re-
maining cages were maintained aphid-free and used
for phloem sampling. The aphid source was a labora-
tory colony established from Þeld-collected soybean
aphids in 2003, and maintained at Michigan State Uni-
versity (27�C, 24-h photoperiod). Three soil cores (25
cm) per cage were extracted on 4 June and analyzed
as described for the commercial Þeld sampling.

The number of soybean aphids per plant was
counted two or three times per week from 28 May
until 15 July. From 28 May until 30 June, all plants in
each infested cage were counted. As the aphid pop-
ulation increased in each cage, the number of plants
counted was reduced. Thus, Þve plants per cage were
sampled on 2 July and three plants per cage were
sampled between 6 and 15 July. Aphid counting
ceased on 15 July because of the very high aphid
populations (�22,000 aphids/plant).

Uninfested plants in two of the cages per strip were
phloem sampled on 18 June, 36 d after fertilization
when plants were in the V3ÐV5 growth stage (three to
Þve leaves). One cage per strip used for the 18 June
phloem sampling had been infested with aphids on 28
May. However, three plants per cage were manually
maintained aphid free until phloem sampling took
place. The second cage per strip was an uninfested
control. Plants in the two remaining aphid-free cages
per strip were phloem-sampled on 15 July, 63 d after

fertilization when plants were in the R2 (full ßower)
growth stage.

The aphid population data were analyzed by PROC
MIXED in SAS version 8.2 (SAS Institute 1999), with
potassium treatment, date, and the potassiumÐdate
interaction as Þxed factors and replicate as a random
factor.
ClipCage Studies.Clip cage experiments were con-

ducted in 2004 to determine the effect of soil potas-
sium fertilization on individual aphids. Clip cages con-
sisted of a chamber made of 1-cm-diameter PVC pipe
open on one side, with the opposite side covered by
no-see-um mesh. The open side of the cage was
pressed against a leaf surface, and a plastic cover slip
was placed on the back side of the leaf. A hair clip was
used to hold the cage in place.

Clip cage experiments took place in the Þeld in the
same untreated and amended strips used for the 2004
exclusion cage study. The experiment was conducted
twice with Þve replications. In each case, four clip
cages per strip (4 cages per strip by 2 strips per rep-
licate by 5 replicates � 40 cages per experiment) were
used.

Because maternal effects can affect aphid repro-
duction (Dixon 1998), the following procedure was
used to control for possible birth order and nutrition
effects. Adult aphids were removed from the colony
maintainedatMichiganStateUniversityandplacedon
excised soybean leaves in petri dishes. Over the course
of the day, the adult aphids were checked for repro-
duction. Groups of �10 nymphs were removed and
placed on excised soybean leaves with petioles in-
serted into 1-ml Eppendorf tubes Þlled with water and
sealed with ParaÞlm (American National Can, Me-
nasha, WI). Individual leaves were kept in petri dishes
and maintained in a growth chamber at 27�C with a
24-h photoperiod. After 3Ð5 d, the nymphs were re-
moved from these leaves and placed onto fresh excised
soybean leaves in groups of one to three per leaf. The
aphids were checked daily for reproduction. When
the Þrst nymph of each mother was deposited, the
mothers were removed, and the petri dishes were
sealed with laboratory tape. These petri dishes, con-
taining Þrst-born nymphs �24 h old, were placed into
coolers at �4�C and transported to the Þeld. In the
Þeld, individual nymphs were removed from the ex-
cised leaves using a Þne camel hair paintbrush and
placed on the underside of the second fully expanded
leaf from the top of the plant. Each aphid was enclosed
in a clip cage. The clip cages were monitored two to
three times per week until live aphids were no longer
present.

The Þrst set of 40 clip cages was each infested with
an individual soybean aphid nymph on 10 June (28 d
after K fertilization). In these cages, the nymph ma-
tured to adulthood and remained in the cage for the
duration of its lifetime. Cages were checked two to
three times per week for survival of the mother and for
reproduction. On each sample date, nymphs were
removed from the clip cage and killed. The age of the
aphid at Þrst reproduction, total number of nymphs
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produced, and the lifespan of the aphid were mea-
sured.

A second set of 40 clip cages was started on 14 July
(62 d after fertilization) with methods modiÞed to
further control for maternal effect. In these cages, the
nymph remained until it matured and deposited Þve
nymphs. The mother aphid was removed, and her
progeny were evaluated for the remainder of study for
survivorship, the date of Þrst reproduction, and total
nymph production. As in the Þrst trial, on each sample
date, the nymphs produced were removed and killed.

Clip cage data for each experiment were analyzed
separately using the PROC MIXED procedure of SAS
version 8.2 (SAS Institute 1999) using replicate as a
random factor. Mean comparisons were conducted
using Fisher protected least signiÞcant difference
(LSD; P � 0.05).
Analysis of Phloem Samples. Phloem samples were

taken using a modiÞcation of the phloem exudation
method of King and Zeevart (1974). A 10 mM solution
of ethylenediaminetetraacetate (EDTA) was pre-
pared and adjusted to pH 7.0 with 1 N NaOH. Aliquots
(5 ml) of the EDTA solution were placed in two dram
vials and sealed with ParaÞlm. In the Þeld, a slit was cut
in the ParaÞlm covering of each vial. A soybean leaf
(the second fully unfurled trifoliate leaf counting
down from the growth point) was cut off at the petiole
while submerged in a dish of the EDTA solution. The
petiole was immediately inserted through the slit in
the ParaÞlm into an EDTA vial. Vials were placed in
a cooler at �4�C, returned to the laboratory, and
placed in a cold room at 4�C. The leaves were removed
from the vials after 24 h, and the vials were sealed with
a lid. The exudate samples were stored at �80�C until
free amino acid analysis could be performed.

Free amino acid analyses for 18 physiological amino
acids in the phloem samples was performed using
reverse-phase high-pressure liquid chromatography
(HPLC) with a Waters system (Waters 2690 Separa-
tions Module, Waters 474 Scanning Fluorescence De-
tector, Waters Temperature Control Module, Millen-
nium Software Package, and the Acc-Q tag reagent kit;
Waters, Milford, MA).

Because the exact amount of phloem that bled into
the exudate samples was unknown (King and Zeevart
1974), it was not possible to directly compare the
quantities of amino acids contained in the phloem
exudate. Instead, qualitative differences in the proÞle
of amino acids, as deÞned by the proportion of each
amino acid present in the total free amino acids of the
exudate, were evaluated. The phloem amino acid data
from the three studies was analyzed as a single re-
gression. A small constant (0.04), chosen by visual
inspection for uniformity of the transformed data, was
added to the proportion of each amino acid to allow
transformation, and the proportions were log-trans-
formed to satisfy assumptions of linearity and ho-
moscedasticity. A line was Þt to the data, and the
signiÞcance of soil potassium level, variables indicat-
ing each experiment, and the timing of sampling (for
the cage experiment) in the regression model were
tested. To assess the 18 regressions of individual amino

acid levels with a true � value of 0.05, a Bonferroni-
adjusted P value of 0.0028 was used to assess the Þt of
each regression (Weisberg 2005). Because aphid
counts and phloem samples were not taken from the
same plants, a direct comparison of phloem samples
and aphid numbers was not conducted. All regressions
were done using the Arc version 1.06 software package
(www.stat.umn.edu/arc/).

Results

Commercial Fields. In 2003, an outbreak year for
soybean aphid, potassium deÞciency symptoms were
present in many Þelds in southwest Michigan, and
Þeld sampling was relatively easy. In 2004, aphid num-
bers were low across the Midwest, and it took much
longer to locate Þelds exhibiting potassium deÞciency
symptoms. However, in both years, paired sample sites
within a Þeld that differed in soil potassium level were
successfully chosen. In 2003, sample sites with potas-
sium deÞciency symptoms (hereafter referred to as
deÞcient areas) had an average soil potassium level of
29 ppm with a range of 15Ð65 ppm compared with an
average of 42 ppm and a range of 22Ð83 ppm for
samples sites lacking deÞciency symptoms (hereafter
referred to as symptomless areas; difference � 11.47
ppm, t� 3.4, P� 0.0004). In 2004, the deÞcient areas
had an average soil potassium level of 34 ppm with a
range of 28Ð83 ppm; symptomless areas had an aver-
age of 53 ppm with a range of 38Ð83 ppm (differ-
ence � 19.8 ppm, t � 5.48, P � 0.0001). It should be
noted that all of the Þelds included in this study had
soil potassium levels below the 150 ppm recom-
mended for Michigan soybean production (Vitosh et
al. 1995). In 2004, soil magnesium was also signiÞcantly
different within pairs (difference � 41.1 ppm, t� 2.81,
P � 0.0149). Both potassium and magnesium deÞ-
ciency often occur in sandy soils (Foth and Ellis 1997).

In 2003, differences in aphid density mirrored soil
potassium levels. While there was no difference in
total aphid number per plant within pairs (deÞcient
areas � 1,760 aphids/plant, symptomless areas � 1,560
aphids/plant, n � 10, t � 0.66, P � 0.54), plants from
symptomless areas had more leaves per plant than
plants from deÞcient areas (deÞcient areas � 10.1
leaves, symptomless areas � 15.1 leaves, n � 19, t �
3.34, P � 0.003). When expressed as the number of
soybean aphids per leaf, aphid density was 50% greater
in deÞcient compared with symptomless areas (deÞ-
cient areas � 174 aphids/leaf, symptomless areas �
103aphids/leaf,n�10, t�2.57,P�0.03).Leaves from
deÞcient plants were also smaller. In 2004, under low
aphid conditions, there was no difference in soybean
aphid numbers (deÞcient areas � 18.8 aphids/plant,
symptomless areas � 42.3 aphids/plant, n � 14, t �
1.57, P � 0.1414) or density (difference � 2.3 aphids
per leaf, t � 1.81, P � 0.0935) between deÞcient and
symptomless areas.
Exclusion Cage Study. Plants were infested with

aphids on 28 May 2004. When the cages were checked
on 1 June, aphids were found in each cage, indicating
that the infestation was successful. Between 1 June
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and 28 June, aphid numbers slowly increased to an
average of 288 per plant and did not signiÞcantly differ
by treatment. Two days later on 30 June, the average
number of aphids per plant in cages in the unfertilized
treatment (703) was signiÞcantly greater than the
average number of aphids per plant in cages in the
potassium-fertilized treatment (233; df � 1162, t �
2.41, P � 0.0160). Cages in unfertilized strips contin-
ued to have more aphids per plant than cages in fer-
tilized areas over the next two sample dates (2 July,
df � 1162, t � 2.24, P � 0.0252; 8 July, df � 1162, t �
7.82, P � 0.0001; Fig. 1). By 15 July, 48 d after fertil-
ization, the number of aphids in the unfertilized treat-
ment averaged 6,858 per plant compared with 2,315
per plant in the fertilized treatment (df � 1162, t �
10.52, P � 0.0001). The aphid populations in the un-
fertilized cages were as high as 22,000 aphids per plant.

The experiment was terminated on 15 July because
counting aphids in the cages was no longer feasible.
Clip Cages. In the Þrst clip cage experiment (10

June, 28 d after fertilization), 29 aphids that survived
over 2 d in clip cages were followed. The lifespan of
the aphid (n� 29, F� 0.07, P� 0.80), age of the aphid
at Þrst reproduction (n� 29, F� 0.93, P� 0.35), and
total number of nymphs produced (n � 29, F � 0.76,
P � 0.39) were not signiÞcantly different by treat-
ment. On average, aphids lived 13.7 d in the cage, Þrst
reproduced on day 10 of their life, and produced 6.7
nymphs each.

In the later experiment (14 July, 62 d after fertili-
zation), there were signiÞcant differences in aphid
reproductive performance on unfertilized and fertil-
ized plants. The aphids produced nymphs at an earlier
age (unfertilized � 8.8 d, fertilized � 11 d, n� 39, F�
6.82, P � 0.0282), and the total number of nymphs
produced per cage was higher (unfertilized � 88.2,
fertilized � 71.2, n � 39, F � 5.89, P � 0.0305) for
aphids in clip cages placed on unfertilized plants.
Amino Acid Analysis. The full regression model,

including study, timing and soil potassium, was signif-
icant for 14 of the 18 amino acids extracted from the
leaves (Table 1). However, soil potassium level con-
tributed toward the signiÞcance of the model for only
one amino acid, asparagine (Fig. 2). In the cases of
aspartic acid, glycine, tyrosine, and valine, proportions
in both years of the survey differed from the exclusion
cage study. In the 2003 survey, proportions of glu-
tamine, leucine, lysine, phenylalanine, and serine sig-
niÞcantly differed from proportions in the exclusion
cage study. In the 2004 survey, asparagine, glutamine,
isoleucine, and proline signiÞcantly differed from the
proportions found in the exclusion cage study. Aspar-
agine, leucine, lysine, and tyrosine signiÞcantly dif-

Fig. 1. Number of soybean aphids per plant in exclusion
cages in a potassium-deÞcient commercial soybean Þeld,
Hartford, MI, 2004. Cages were placed over soybean growing
in unfertilized or potassium-fertilized strips. *Sample dates
where the treatments were different at P� 0.05. ***Sample
dates where the treatments were different at P� 0.0001. �,
no potassium fertilization; ▫, potassium fertilization.

Table 1. Coefficients for the effect of soil potassium, F value for the entire model, and t values for model components for each amino
acid in the phloem exudate of soybeans in the regression model

Amino acid
Soil K

coefÞcient
Whole

model F

t values

K
2003

survey
2004

survey
Timing in

cages

Alanine 4.2E�04 2.41 0.28 �2.23 �2.24 �2.77
Arginine 2.9E�03 2.59 1.84 �0.85 1.11 �0.60
Asparagine �5.8E�03 30.01a �3.14a 0.08 7.16a 3.02a

Aspartic acid 4.6E�03 16.08a 2.02 �6.37a �4.25a �0.47
Glutamine �1.6E�03 40.72a �0.94 �7.25a 2.52 �1.92
Glutamic acid 6.4E�04 23.31a 0.32 2.77 �4.72a �0.05
Glycine 8.1E�04 11.79a 0.44 4.48a 3.03a �1.82
Histidine �2.1E�04 1.18 �0.51 �2.02 �1.23 �1.67
Isoleucine 6.9E�04 4.96a 0.86 �2.87 �3.94a �2.81
Leucine 1.3E�03 26.24a 1.11 �8.72a �2.68 �5.24a

Lysine �2.1E�03 18.00a �2.34 �6.94a �1.60 �4.10a

Methionine �5.4E�04 4.56a �1.61 0.47 2.75 �0.38
Phenylalanine 1.6E�04 8.31a 0.37 3.96a �0.03 0.05
Proline 1.9E�03 8.59a 1.58 �1.98 �4.84a �2.41
Serine 7.7E�04 20.89a 0.49 �5.45a 1.01 0.77
Threonine �2.4E�04 1.39 �0.28 �0.92 �1.90 �1.87
Tyrosine �8.0E�06 8.88a �0.02 �5.47a �5.03a �3.96a

Valine �3.7E�04 4.60a �0.29 �3.77a �3.96a �2.05

a P� 0.0028, corresponding to a true P value of 0.05 for all comparisons. t values for the 2003 and 2004 survey compare the amino acid levels
found in the surveys to those found in the exclusion cage study. t values for timing in cages compare 15 July phloem collection to the 18 June
collection in the controlled cage study.
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fered between the early and later phloem collections
in the exclusion cage study.

Discussion

The reproductive rate of aphids in clip cages was
higher on unfertilized plants compared with fertil-
ized plants. Unfertilized plants harbored more soy-
bean aphids than plants growing in higher potassium
soils at the same location in the exclusion cage
experiment in 2004. When commercial Þelds with
high aphid populations were surveyed in 2003, de-
Þcient areas had denser populations of soybean
aphids than symptomless areas. In the 2004 Þeld
survey, soybean aphid populations were very low
and did not differ on plants growing in soils with
different levels of potassium.

These results contrast with the plot studies of Myers
et al. (2005) and Myers and Gratton (2006), where
differences in aphid populations were not detectable
with high aphid populations but were detectable in a
year when aphid populations were lower. Myers et al.
(2005) concluded that differences under high aphid
populations were masked by aphid immigration be-
tween plots. In our commercial Þeld survey in 2003
and Þeld cage study, we detected differences in soy-
bean aphid populations at economically damaging lev-
els. Our 2004 Þeld survey, which did not detect aphid
population differences at very low aphid levels, rep-
resents a snapshot, whereas Myers and Gratton (2006)
detected differences in low aphid populations by re-
peated sampling. Thus, Myers and Gratton were able
to capture peak abundance in their study, whereas the
2004 Þeld survey did not necessarily capture peak
abundance. In addition, the aphid populations en-
countered in the 2004 survey were extremely low,

often �30 aphids per plant, so that differences may not
have been detectable. However, in the 2004 cage
study, which had higher aphid populations and was
repeatedly sampled, the effect of potassium deÞciency
on aphids was again apparent.

Only one amino acid, asparagine, was signiÞcantly
correlated with soil potassium level. The proportion of
asparagine in phloem amino acids decreased as soil
potassium level increased. In the exclusion cage study,
between the early phloem sampling (which took place
before aphid populations differed by treatment) and
the late phloem sampling (after differences in the
number of aphids per plant became apparent), the
proportion of asparagine increased, whereas the pro-
portions of three other amino acids, including the
essential amino acids leucine and lysine, decreased.
The 2004 survey, which had no detectable differences
in aphid population, had higher proportions of aspar-
agine and lower proportions of thee other amino acids
including the essential amino acid isoleucine than the
exclusion cage study. These results suggest that higher
asparagine levels contribute to higher aphid growth
under potassium deÞciency. The results of the 2004
survey indicate that isoleucine concentrations may
also play a role. It is important to note that the phloem
sampling methods show only proportions of amino
acids and not the total amino acid concentration in
phloem (Douglas 2003). If nitrogen translocation in
general increased as a result of potassium deÞciency,
the total availability of any amino acid, including those
with lesser proportions, may have increased. Such an
increase in amino acid availability could have inßu-
enced the aphids and would not be shown by these
methods.

Despite the limitations of phloem exudate sampling,
several important patterns emerge. First, asparagine
was the only phloem amino acid correlated with soil
potassium level in our study. Asparagine is extremely
important in the nitrogen nutrition of many aphids
(Dadd and Krieger 1968, Weibull 1987), and increased
levels of this nutrient may help to relieve nitrogen lim-
itation. This pattern occurred regardless of whether the
aphidpopulationwashigh, low,or absent.Ourclipcage
studies showed that soybean aphid reproduction is
greater on unfertilized plants even if large soybean
aphid populations are not present. Thus, aphids are
reacting to the nutritional status of the plant and not
inducing a nutritional change.

Also, by comparing the asparagine levels between
our three studies, we observed a pattern seen in plant
resistance studies. Experiments that took place when
natural infestations of soybean aphids were low had a
higher proportion of asparagine than experiments
with high numbers of soybean aphids. In other sys-
tems, a reduction in the proportion of nutritionally
important amino acids including asparagine is a com-
ponent of plant resistance to aphids (Auclair et al.
1957, Weibull 1988, Ponder et al. 2000).

The proportion of asparagine in soybean phloem
may decrease with increasing soil potassium level be-
cause of its role as a nitrogen storage molecule in the
soybean plant. Because potassium is involved in the

Fig. 2. Proportion of asparagine in the amino acid proÞle
of soybean phloem sap from plants growing in soils with
varying levels of soil potassium, southwestern Michigan,
2003Ð2004. Data come from two surveys of commercial Þelds
and an artiÞcially fertilized cage experiment. The regressions
for each study are parallel and signiÞcant at Bonferroni-
adjusted P � 0.05. F and solid line, early sampling of cage
experiment; E and dashed line, late sampling of cage exper-
iment; �, 2003 survey (regression line not distinguishable
from early sampling of cage experiment); � and dashed-dot
line, 2004 survey.
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formation of proteins from amino acids (Mengel and
Kirkby 2001, Marschner 2002), amino acids are likely
to build up in the shoot when the plant is deÞcient in
potassium, causing increased levels of asparagine to be
translocated in the phloem. Under potassium deÞ-
ciency, soybean plants are known to accumulate as-
paragine (Yamada et al. 2002).

Through this mechanism, soil potassium deÞciency
is likely to lead to increased levels of phloem aspara-
gine when nitrogen Þxation is occurring in soybean.
Aphids are severely nitrogen limited (Terra 1988), and
asparagine is one of the most important nitrogen
sources in the aphid diet (Dadd and Krieger 1968).
Because the negative correlation between soil potas-
sium level and the proportion of phloem asparagine
mirrors the negative correlation between soybean
aphid density and soil potassium, the percentage of
asparagine in the phloem amino acid proÞle may im-
pact the size of soybean aphid populations under out-
break conditions by alleviating part of the aphidsÕ
dietary nitrogen limitation.

The plant stress hypothesis supports the idea that
soybean aphid fecundity should be higher on potas-
sium-deÞcient plants (Waring and Cobb 1989). This
hypothesis states that herbivorous insects perform
better on host plants that are under environmental
stress due to increased translocation of nutrients. Al-
though experimental evidence for this hypothesis is
mixed, it has been noted that phloem feeders such as
aphids often exhibit a negative response to potassium
fertilization (Waring and Cobb 1989).

The enhanced nitrogen nutrition available to soy-
bean aphids feeding on potassium-deÞcient soybean
may increase the tendency of the aphid population to
reach outbreak levels. From a practical standpoint,
this means that soybean growers should manage soil
potassium levels in their Þelds as part of their inte-
grated pest management (IPM) plan for the soybean
aphid. This also shows a bottom-up effect of plant
nutrition on a plantÐherbivore interaction. If low lev-
els of essential amino acids in plant phloem evolved to
resist phloem-feeding herbivores, this represents a
trade-off in which plant nutrition affects resistance to
insects.
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