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Abstract- To compare the effects of aphid infestation with some effects of wounding and drought-stress, several
physiological parameters and metabolite concentrations were measured in infested, mechanically wounded or water-
stressed young barley plants (Hordeum vulgare c¢v Aramir). Barley plants infested with the greenbug (Schizaphis
graminum) had lower water potentials and CO, assimilation than non-infested plants. Abscisic acid content increased
by 55% in leaves after 72 hr of infestation. Water potentials and stomatal resistance of barley plants changed only as
a consequence of infestation by the greenbug or by drought-stress. Proline concentration increased in leaves subjected
to infestation or drought by 11- and 14-fold, respectively. Leaves with artificial damage showed the same reduction in
chlorophyll contents as leaves of drought-stressed plants. Greenbug infestation caused higher chlorosis than other
treatments. Contents of soluble carbohydrates and proteins decreased 52 and 38% by infestation, 38 and 28% by
drought, and 14 and 8% by artificial leaf damage. respectively. To study the influence of these treatments on the
quality of barley plants as a food source for the aphids. developmental rates (1/D) and the mean relative growth rates
{MRGR) of nymphs reared on these seedlings were compared. New aphids reared on previously infested seedlings had
the lowest MRGR and 1/D (ca 82 and 68%, respectively) compared to aphids on control plants without previous
infestation. Aphids reared on plants subjected to drought also had lower MRGR and /D (ca 89% and 77%).
Greenbugs on wounded leaves had similar MRGR and 1 D rates to nymphs reared on control plants. These results
show that greenbug infestation of barley produced changes similar to those observed in plants subjected to
drought-stress and that aphids feeding on both groups of seedlings had lower developmental and mean relative
growth rates. Water-stress caused in barley by aphid infestation or drought would probably affect greenbug
development due to the effects of stress on the chemical composition of the plant.

INTRODUCTION Barley seedlings subjected to several days of infestation
by the greenbug (Schizaphis graminum) showed physiolo-
gical and metabolic changes. With a larger number of
aphids. proline concentration increased, water potentials,
chlorophyll and soluble carbohydrates contents de-
creased. and lower rates of CO, assimilation were found
[11]. The greenbug also affects the aerial vegetative
growth of barley by destruction of photosynthetic areas
[12] and. therefore, infestation reduces chlorophyll con-
tent in leaves, affecting photosynthesis [ 13]. In wheat, the
greenbug  decreased CO» assimilation by decreasing
photosynthetic capacity [ 14] and. although the advanced
symptoms-- prostrate growth habit and yellow and
rolled leaves in infested barley—are well defined, the
physiological or metabolic responses of infested plants
are not; the effects of such metabolic changes on insect
development are also unknown.

Extrinsic factors, such us food quality and temper-
+Author to whom correspondence should be addressed. ature. affect developmental rates of aphids (1/D). The

Environmental factors (abiotic and biotic stress) may
affect plant-aphid interactions because the chemical
composition of the plant under stress changes [1]. It has
been suggested that barley seedlings grown under high
temperatures and long photo-pertods are more resistant
to aphids because these factors cause an increase in
gramine concentration in the youngest leaves [2, 3]. Hy-
droxamic acids induced by aphid feeding in wheat [4]
and in maize after artificial damage [5] or larval attack
[6] are some of the secondary metabolites studied whose
synthesis is promoted in plants under insect attack.
Other phytochemical changes, which are known to occur
after infestation and leaf damage, are increases in the
concentration of phenols [7], alkaloids 8], plant pro-
teinase inhibitors [9] and amino acids [10].
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time required for the greenbug to develop from birth to
adult (D) and the mean relative growth rate (MRGR) of
an aphid, which is its growth per unit weight per unit
time, are both good indirect measurements of the quality
of the food supply to aphtds [15]. In this paper, we show
that water-stress induced by greenbug infestation causes
metabolic and physiological changes in barley that are
likely to be deleterious to the development of the aphid.

RESULTS

Physiological parameters and metabolite concentrations

After five days, the population of aphids on plants
infested initially with 20 adults had increased to 158 + 32
individuals per plant (mean of 10 replicates =+ s.e.). The
water potentials of barley plants changed significantly as
a consequence of greenbug infestation or of drought-
stress treatments (ca 100%). Mechanical wounding did
not cause significant changes in the water potential of the
plants (Table 1). Carbon dioxide assimilation decreased
26% compared to non-infested plants. After five days of
greenbug infestation. the chlorophyll content was 55% of
the control plants of the same age. Leaves with artificial
damage showed the same reduction in chlorophyll as
drought-stressed plants after five days of treatment {20%
reduction). Contents of soluble carbohydrates and sol-
uble proteins decreased 52 and 38% by preinfestation, 38
and 28% by drought. and 14 and 8% by artificial leaf
damage. Proline concentration increased in barley leaves
subjected to infestation and drought-stress by 11- and
14-fold. respectively. Sucrose content decreased in barley
plants in relation to the levels of infestation (Fig. 1). In
relation to non-infested plants. the sucrose content was
49 and 23% in plants infested with 20 and 40 initial
aphids. respectively.

Diurnal patterns of stomatal conductance of infested
and drought-stressed plants were different compared
with non-infested controls. Wounding by artificial dam-
age did not affect the diurnal stomatal conductance pat-
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tern, compared to non-infested controls (Fig. 2). When
barley leaves of infested and control plants were excised
and placed in solutions with ABA at several concentra-
tions, the response of stomatal conductance to exogenous
ABA was similar for both treatments (Table 2); ABA was
quantified only on infested and control plants. A net
increase of ABA was found in the first group after 48 hr of
infestation. However, after 96 hr, the amount of ABA in
infested leaves decreased and was lower in relation to
levels found in control plants (Fig. 3).
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Fig. 1. Time-course of sucrose content in leaves of non-infested
and infested barley plants (cv. Aramir). Groups of 10-day-old
barley seedlings were infested with 20 or 40 adults of §.
graminum. Levels of sucrose were measured by HPLC in non-
infested control and infested plants every 24 hr for 5 days.
Non-infested (@, NI); 20 initial aphids per plant (V, 20); 40
initial aphids per plant (¥, 40). After 5 days of infestation with
20 and 40 initial aphids per plant, the numbers of aphids per
plant were 164 + 28 and 295 + 56, respectively (means of n = 10
plants + s.e.).

Table 1. Effects of infestation, wounding and drought on physiological parameters and metabolite concentrations in barley plants

Soluble sugar
1

Free proline CO, assimilation

Water potential  (mmolkg~ Soluble protein  (mmolkg ™! Chlorophyll (mg CO,
Pretreatment  (MPa) dry wt) (mgg 'dry wt) dry wt) (mgg ! dry wt) mg 'Chl)
Control (A) 028+ 006a 122444 143 + 64 424 04a 8.14+04a 237 +008a
Control (B) — 026 +008a 117 +4a 140 + Su 38+03a 79 +03a 254 + 004 a
Infested - 0.84 + 0.09 ¢ 56 +5¢ 87+ 5bh 423 +44c¢ 44404 ¢ 1.89 + 0.06 b
Wounding -040 + 010 NI +44a 129 + 44 10.3+20a 6.5+03b N.D.
Drought - 0.78 + 0.05 ¢ 734+ 4b 102+ 6bh 53.3+48¢ 6.5+04b N.D.

Groups of 20 barley plants ¢v Aramir (10 days old) were used for experiments. Controls, without treatment: (A) are 10-day-old
plants and (B) 15-day-old plants. The third group was infested with 20 adult aphids of the greenbug per plant for 5 days. The aphid
population reached a mean of 158 aphids per plant. Leaf damage was caused by wounding leaves twice per day with glass
microcapillary tips for S days. The drought-stress treatment was done by suspending watering 7 days after sowing. Each value is the
mean of 4 samples + s.e. N.D.: not determined. Letters within columns differ significantly at (a: P > 0.05; b: P < 0.05; ¢: P < 0.001

ANOVA).
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Fig. 2. Time-course of stomatal resistance under a light-dark regime of non-infested (

. NI) and infested (@, 1) or

wounded (¥, W) and drought-stressed (7. D) barley seedlings. Treatments were done on 10-day-old plants for
5 days as described in Table 1 and Experimental. Each value is the mean of 8 samples + s.e.

Table 2. Time-course of stomatal resistance in excised leaves of non-infested (NI) and
infested (I) barley seedlings in solutions with different ABA concentrations

ABA
solutions
(M x 10%) 0 hr
NI leaves 0 47 + 08
38 44 + 0.2
7.6 39 +£03
I leaves 0 1.1 403
3.8 05+04
7.6 0.74+0.5

Excised leaves were incubated with the

Stomatal resistance (scm )

3hr 6 hr
0.3+0.2 - 1.0+ 03
72404 6.0 + 0.9
120 + 1.1 111 +08
09 +0.2 —024+03
15407 52406
6.5+ 0.5 6.6 +04

cut end for 6 hr in control solution of

distilled water without ABA or with ABA. Measurements were made at 0, 3 and 6 hr
after incubation with ABA solutions was started. Each value of stomatal resistance is

the mean of 8 samples + s.c.

Developmental (1/D) and mean relative growth (M RGR)
rates of aphids

Nymphs of S. graminum reared on preinfested barley
had the lowest developmental (t-test: t = 7.205, D.F. = 8,
P < 0.001; ca 68%) and mean relative growth rates (z-
test: ¢ = 5.303, D.F. = 8, P < 0.001; ca 82%) compared to
nymphs reared on control plants without pretreatment.
Drought-stressed plants, as well as the preinfested group,

are a poor quality food supply for development of the
greenbug. as suggested by the 1/D values (¢t = 3.856,
D.F. =8. P <0.001; ca 77%); MRGR values were sim-
ilar (1 = 1.886, D.F. = 8, P = 0.096; ca 89%). Nymphs of
the greenbug reared on artificially damaged plants had
a developmental rate (¢ = 0.930, D.F. = 8, P = 0.280; ca
92%) and a mean relative growth rate (¢t = 1.886,
D.F. =8, P = 0.707: ca 97%) similar to aphids reared on
control, undamaged barley plants (Fig. 4).
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DISCUSSION

Barley seedlings infested with S. graminum have
drought-stress symptoms, such as lower water potentials
and lower relative water contents, even in the presence of
ample root moisture [117]. Our study suggests that some
of the metabolic changes in barley could be due to
water-stress caused by aphids. Stomatal conductance is
an important factor in regulating water losses by the
plant. It has been suggested that S. graminum induces
a decrease in CO,; assimilation in wheat by decreasing
the photosynthetic capacity in the mesophyll rather than
by decreasing leaf conductance to water vapour [14]. In
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Fig. 3. Time-course of ABA levels in control non-infested (@.

NI) and infested (V. 1) leaves of barley plants. Ten day-oid

seedlings were infested with 20 aphids per plant and contents of

total ABA in plants were measured by HPLC every 24 hr for
5 days. Each value is the mean of 3 samples + se.
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our experiments, leaf stomatal resistance of barley seed-
lings infested with the greenbug showed similar diurnal
patterns to those of control plants without infestation
between 0 and 48 hr after infestation. After this time,
stomatal resistance in infested plants was higher during
the dark (72 hr) and lower during the light periods (60, 84
and 96 hr) than in control plants. These results are sim-
ilar to those found with Diuraphis noxia in barley [16].
Excised barley leaves of infested and control plants
placed in solutions with different ABA concentrations
gave similar responses in stomatal resistances to water
vapour. Restoration of stomatal physiology in infested
leaves incubated with exogenous ABA may be indicative
that greenbug infestation, in addition to the disruption of
the mesophyll chloroplasts that affects light-absorbing
systems and CO, assimilation, would also decrease the
capacity for the synthesis and transport of ABA, because
chloroplasts appear to be the major site of synthesis and
storage of this hormone [17]. The low level of ABA
found in leaves of infested plants at 96 hr supports this
hypothesis (Fig. 3). These results suggest that greenbug
infestation could affect the regulation of water balance in
leaves by affecting stomatal physiology. Stomatal closure
is initiated by the redistribution of stored ABA from
mesophyll chloroplast into the apoplast [18]. Altered
compartmentation of ABA provides possible explana-
tions for patterns of stomatal closure in water-stressed
barley during the first 60 hr of drought-stress. These
changes in stomatal conductance in the light period in
early days may be a result of leaf dehydration with
redistribution and increase of ABA synthesis in water-
stressed plants.

Water-stress has important effects on carbohydrate
metabolism in plants [19]. Infested barley leaves had the
lowest contents of sucrose, soluble sugars, total chloro-
phyll and the lowest photosynthetic rates when com-
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Fig. 4. Mean relative growth rates (MRGR) and development rates (1/D) for aphids reared on control, wounded,

preinfested and drought-stressed barley seedlings. Nymphs of aphids weighed at 1st or 2nd instar were placed on

barley leaves (20 plants each with a single aphid per treatment). MRGR was calculated from aphid weights over

a 72 hr period and development rates were calculated with the expression 1/D, where D is the time taken by an
aphid to reach the adult stage and onset of reproduction. Each value is the mean (n=10) + s.e.
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pared with damaged leaf, drought or control treatments
(Fig. 1 and Table 1). Since leaves of plants previously
infested with aphids had the lowest sucrose levels, it is
possible that greenbug infestation may affect the capacity
of barley plants to adjust osmotically to drought-stress.
In addition, the poor carbohydrate status in barley
plants after several days of mfestation may limit the bulk
of carbon for proline synthesis and may be a possible
reason why barley plants infested with the greenbug
accumulated less proline (an osmotic solute) than plants
with a similar reduced water potential, but without infes-
tation [11].

Water-stress caused by greenbug infestation induces
several metabolic changes in barley. These changes
would affect aphids at the nutritional--physiological level
or may alter behavioural responses, such as the length of
time for feeding and preference for specific plants or
location on plants [20, 217]. Schizaphis graminum biotype
C feeds preferentially from vascular tissues in sorghum
[22] and phloem in barley [20]. It is therefore likely that
nymphs of greenbugs reared on preinfested and
drought-stressed plants had lower sap phloem ingestion.
The lower levels of soluble proteins and sucrose found in
infested plants may be important nutritional factors af-
fecting development of the nymphs. Additional studies of
greenbug nutrition on well defined diets where levels of
constituents can be varied independently would be espe-
cially valuable in establishing a more complete under-
standing of the role of plant metabolites in the relation-
ship between plant water-stress provoked by the green-
bug and insect performance.

EXPERIMENTAL

Plant growth conditions, infestation treatments and
metabolite contents. Groups of 20 10-day-old barley seed-
lings (Hordeum vulyare cv Aramir) grown in pots with
vermiculite, were irrigated twice per week with a Hoag-
land soln and infested with 20 adult individuals of the
aphid, S. graminum Rondani biotype C per plant. After
5 days, the final population was counted and the aphids
removed. Individual aphids were collected from colonies
maintained on barley, kept at 22 + 3 with a 16 hr
photo-period. The same conditions were used for all
expts. The physiological and metabolic state of controls
and infested plants for 5 days on 10- and 15-day-old
barley seedlings (with 2 and 3 leaves, respectively) was
measured by parameters, such as H,O potential and
CO, assimilation, and concns of free proline, soluble
carbohydrates, soluble proteins and total chlorophyll.
Contents of abscisic acid (ABA) and sucrose were meas-
ured in controls and infested plants at 0, 24, 48, 72 and
96 hr after initial infestation with 20 and 40 aphids per
plant.

Analysis of compounds and physiological parameters.
Proline was extracted by homogenizing 1 g leaves in
10 ml 3% aq. sulphosalicylic acid and quantified as de-
scribed in ref. [23]. Extracts (2 ml) were reacted with the
same vol. of 3% (w/v) acid ninhydrin and 60% (v/v) of
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HOAc at 100 for [ hr. Proline was extracted with 4ml of
toluene: 4 was measured at 520 nm. Soluble carbohy-
drates were quantified by the anthrone method described
in ref. [24]. Leaves (0.5 g)in 3 ml of 85% (v/v) EtOH were
placed at 25 for 24 hr and then filtered; 0.1 ml of the
alcoholic extract was reacted with 3 ml freshly prepd
anthrone reagent (1.5% w/v in 72% v/v H,80,) at 100°
over 10 min. The reaction was stopped by cooling with
ice and A measured at 625 nm. Sucrose content was
quantified by HPLC. Fresh leaves (1 g) were placed in
6 ml 85% (v.v) EtOH at 25 for 24 hr, passed through
a Millipore filter (0.45 yum) and determined as described
in ref. [25]. Chlorophyll contents were measured by ex-
tracting plant leaves with 96% (v/v) EtOH. The extract
was filtered through Whatman No. 2 paper and the A of
the extract measured at 649 and 665 nm as described in
ref [26]. The equation used for determinations of total
chlorophvll is: Total Chl (ug of Chlml™' extract) =
18084040 ~ 6.63 4005

Soluble protein concn in leaves of barley was quanti-
fied by the method of ref. [27]. Leaves (0.5 g) were frozen
and homogenized with 2.5 ml 0.1 M Tris-HCI (pH 6.8)
buffer. The extract {1 ml) was centrifuged at 7000 ¢ for
10 min at 4 . The supernatant (100 ul) was dild with
500 ul cold Me,CO, stored at — 20" for | hr and then
centrifuged at 7000 ¢ for 5min at 4°. The pellet was
evapd to dryness in racuo for 2 hr and then resuspended
in I ml I N NaOH: 100 gl of this soln was reacted for
10 min at 25 with 2.5 ml Bradford reagent. 4 was meas-
ured at 595 nm. Protein concn is expressed in equivalents
of BSA from the calibration curve. For ABA determina-
tions, leaves (1 g) were cut into | ¢m sections and placed
m 3 ml 85% (v,v) EtOH for 24 hr at 25 . The extract was
filtered through a Millipore prefilter (0.45 xM) and acidi-
ied with 0.5 N H;PO,4 to pH 4. Samples (20 ul) were
injected on to a Lichrosphere 100 RP18 column (Merck).
Isocrauc clution was with MeCN--H,O (7:3) at
LSmlmm ' Quantitation was performed by measuring
1,46. A standard curve was made with ( ) cis, trans-
ABA standard (Sigma) in 85% (v/v) EtOH, with a R, of
¥.5min [28]. Water potentials were measured with
a pressure-pump as described in ref. [29]. Plants were
excised at the lower zone of the shoot and placed in
a sealed pressure chamber with the cut surface outside.
CO, exchange was measured with an IR gas analyser at
25 with a light intensity of 700 umolm ™ ?sec™'. The
area and total chlorophyll content of the leaves was
measured and photosynthesis calculated as described in
ref. [30]. Abaxial leaf stomatal conductance was meas-
ured with a steady state porometer as described in ref.
[31]. Statistical analyses were performed using the SYS-
TAT-package. The significance of the effect of treatments
on plants was assessed by one-way analysis of variance
{ANOVA) and the effect on aphids performance by a ¢-
test between treatments and control. Results are given as
means + s.c.

Development and mean relative growth rates of the
greenbug. Immediately after removal of the initial popu-
lations, individual aphids (1st and 2nd instar nymphs)
were weighed and placed on to the abaxial surface of
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preinfested and non-preinfested leaves of barley seed-
lings. These aphids were taken directly from the colonies.
Aphid developmental rate was calculated as 1/D, where
D = time in days from birth to adulthood. The mean
relative growth rate (MRGR) was caled with the aphid
wts for a 72 hr period as follows [32]:

MRGR (ugpug ‘day ')

log.(final wt. ug) — log.(inittal wt, yg)
= oeel . o FE

The weights of aphids were obtained with a micro-
balance.

Development of aphids on artificially-damaged and
water-stressed plants. Groups of 20 10-day-old barley
seedlings, grown under the same conditions described
above, were punctured with opened glass microcapillary
tips. Since aphid probing is continuous, artificial punc-
turing was performed with 20 punctures per leaf, twice
per day for 5 days. Another group of plants of the same
age was not watered until it reached the same water
potential of preinfested plants {(ca — 0.8 MPa). The con-
trol was a group of plants of the same age without leaf
damage or water-stress. Plants for each treatment were
numbered, and one weighed aphid per plant was placed
on the leaf. After 72 hr, aphids were weighed to determine
MRGR rates and placed again on the respective plants to
obtatn 1/D.

Acknowledgements-—This research was supported by
FONDECYT (92-1147), DTI (B.3268-3213) and DICYT,
Universidad de Santiago de Chile. H. M. C. would like to
thank the support of the Latin American Plant Sciences
Network for a Fellowship (91-M4) and funding for re-
search (92-SP-6). and the Universidad de Chile, Vicerrec-
torta Académica y Estudiantil, Depto. Postgrado y Pos-
titulo (PG-078-93).

REFERENCES

1. Corcuera, L. J. (1993) Phyrochemistry 33, 741.
. Salas, M. L. and Corcuera, L. J. (1991) Phytochem-
istry 30, 3237.

3. Hanson. A. D., Ditz, K. M., Singletary, G. W. and
Leland. T. J. (1983) Plant Physiol. 71, 896.

4. Niemeyer, H. M.. Pesel, E., Copaja. S. V., Bravo,
H. R., Franke. S. and Francke. W. (1989) Phytochem-
istry 28. 447.

5. Morse, S., Wratten, S. D., Edwards, P. J. and
Niemeyer, H. M. (1991) Ann. Appl. Biol. 119, 239.

6. Gutierrez, C.. Castanera, P. and Torres. V. (1988)
Ann. Appl. Biol. 113, 447.

7. Leszczynski, B. (1985) Z. Angew. Ent. 100, 343.

8. Baldwin, 1. T. (1988) Oecologia 75, 367.

[}

17.

18.

19.

20.

21.

24.

25.

26.

27.

28.

29.

30.

31

H. M. CABRERA et al.

. Ryan, C. A. (1990) Annu. Rev. Phytopathol. 28, 425.
10.
11.

Ciepiella, A. (1989) Entomol. Exp. Appl. 51, 277.
Cabrera, H. M., Argandofa, V. H. and Corcuera,
L. J. (1994) Phytochemistry 35, 317.

. Castro, A. M. and Rumi, C. P. (1987) Environm. Exp.

Botany 27, 263.

. Gerloff, E. D. and Ortmann, E. E. (1971) Crop Sci. 11,

174.

. Ryan, J. D., Johnson, R. C., Eikenbary, R. D. and

Dorschner, K. W. (1987) Crop Sci. 27, 283.

. Dixon, A. F. G. (1987) in World Crop Pests (Helle,

W., ed. in chief), Aphids, Their Biology, Natural Ene-
mies and Control (Minks, A. K. and Harrewiju, P,
eds), Vol. 2A, p. 269, Elsevier, Amsterdam.

. Miller, H., Porter, R. D., Burd, J. D., Mornhinweg,

D. W. and Burton, R. L. (1994) J. Econ. Entomol. 87,
493,

Rhodes, D. (1987) in The Biochemistry of Plants
(David, D. D., ed.), Vol. 12, p. 201. Academic Press,
New York.

Cornish, K. and Zeevaart, J. A. D. (1985) Plant
Physiol. 78, 623.

Hanson, A. D. and Hitz, W. D. (1982) Annu. Rev.
Plant Physiol. 33, 163.

Zuiiiga, G. E., Argandofia, V. H. and Corcuera, L. J.
(1989) Phytochemistry 28, 419.

Holtzer, T. O., Archer, T. L. and Norman, J. M.
(1988) in Plant Stress—Insect Interactions (Hein-
richs, E. A, ed), p. 111. John Wiley & Sons, New
York.

. Campbell, B. C., McLean, D. L, Kinsey, M. G,

Jones, K. C. and Dreyer, D. L. (1982) Entomol. Exp.
Appl. 31, 140.

. Bates, L., Waldren, R. and Teare, I. (1973) Plant Soil

39, 205.

Riazi, A., Matsuda, K. and Arslan, A. (1985) J. Exp.
Botany 36, 1716.

Nachtmann, F. and Budna, K. W. (1977) J.
Chromatogr. 155, 107.

Lichtenthaler, H. K. and Wellburn, A. R. (1983) Bio-
chem. Soc. Trans. 11, 591.

Bradford, M. M. (1976) Analyt. Biochem. 72, 248.
Lipp, J. (1991) Biochem. Physiol. Pflanzen. 187, 211.
Scholander, P. F., Hammel, H. T., Hemingsen, E. S.
and Brandstret, E. D. (1964) Proc. Natl Acad. Sci.
U.S.A. 82, 119.

Hawkins, C. D. B, Aston, M. J. and Whitecross, M. L.
(1987) Physiol. Plant. 71, 379.

Stiles, G., Monthei, R. T. and Bull, B. (1970) J. Appl.
Ecol. 7, 617.

. Adams, J. B. and van Emden, H. F. (1972) in Aphid

Technology (van Emden, H. F., ed.), pp. 48. Academic
Press, London.



