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Abstract Plant phenolics are generally thought to play significant roles in plant defense against herbivores and

pathogens. Many plant taxa, including Solanaceae, are rich in phenolic compounds and some insect

herbivores have been shown to acquire phenolics from their hosts to use them as protection against

their natural enemies. Here, we demonstrate that larvae of an insect specialist on Solanaceae, the

tobacco hornworm,Manduca sexta L. (Lepidoptera: Sphingidae), acquire the plant phenolic chloro-

genic acid (CA), and other caffeic acid derivatives as they feed on one of their hosts,Nicotiana attenu-

ata L. (Solanaceae), and on artificial diet supplemented with CA. We test the hypothesis that larvae

fed on CA-supplemented diet would have better resistance against bacterial infection than larvae fed

on a standard CA-free diet by injecting bacteria into the hemocoel of fourth instars. Larvae fed

CA-supplemented diet show significantly higher survival of infection with Enterococcus faecalis

(Andrewes & Horder) Schleifer & Kilpper-B€alz, but not of infection with the more virulent Pseudo-

monas aeruginosa (Schroeter) Migula. Larvae fed on CA-supplemented diet possess a constitutively

higher number of circulating hemocytes than larvae fed on the standard diet, but we found no other

evidence of increased immune system activity, nor were larvae fed on CA-supplemented diet better

able to suppress bacterial proliferation early in the infection. Thus, our data suggest an additional

defensive function of CA to the direct toxic inhibition of pathogen proliferation in the gut.

Introduction

Herbivorous insects have evolved multiple ways of coping

with the arsenal of plant chemical defenses, and in some

instances acquire plant compounds for defense against

their own enemies (Rosenthal & Berenbaum, 1992; Nish-

ida, 2002; Opitz & Muller, 2009). Phenolic compounds

comprise one of the largest classes of defensive secondary

metabolites against herbivores and pathogens in vascular

plants (Harborne, 1964; Rosenthal & Berenbaum, 1992;

Walling, 2000; Odjakova & Hadjiivanova, 2001; Shahidi &

Ho, 2005; Cory & Hoover, 2006; Vermerris & Nicholson,

2008; Bidel et al., 2010). Thesemay be acquired and subse-

quently utilized by herbivores (Opitz & Muller, 2009).

Many phenolics are efficient scavengers of oxidative free

radicals, protecting cell membrane fatty acids, proteins,

and DNA in plants (Shahidi & Ho, 2005; Vermerris &

Nicholson, 2008; Bidel et al., 2010). This antioxidant

activity has renewed nutritional and pharmaceutical inter-

est in phenolics under the premise that they may have the

capacity to prevent degenerative diseases such as cancers

(Shahidi & Ho, 2005; Ferguson & Philpott, 2007; Hadi

et al., 2007; Laranjinha, 2010) and cardiovascular diseases

(Riemersma et al., 2001; Vermerris & Nicholson, 2008;

Laranjinha, 2010), and they may also enhance immunity

to and/or tolerance of infection in humans and other

animals ingesting them.

Several studies have demonstrated correlations between

ingested plant phenolics and attenuated virulence of
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viruses, bacteria, and fungi in herbivorous insects. How-

ever, the observed effects have primarily been attributed to

a direct effect of the dietary phenolics on the pathogen in

the insect’s gut or on the surface of foliage prior to inges-

tion (Koike et al., 1979; Felton et al., 1987, 1989; Felton &

Duffey, 1990; Schultz et al., 1992; Young et al., 1995; Hoo-

ver et al., 1998; Cory & Hoover, 2006; Sandre et al., 2011).

It remains unknown whether acquired plant phenolics can

enhance the immune response of herbivorous insects and

mediate protection from infectious disease.

The plant phenolic chlorogenic acid (CA, Figure 1) is an

ester of caffeic acid and quinic acid and is widespread

among vascular plants. Chlorogenic acid is found primarily

in three isomer forms, neo-CA, CA, and crypto-CA in

plants. Chlorogenic acid is a potent antioxidant (Shahidi &

Chandrasekara, 2010) and antimicrobial agent (Almeida

et al., 2006), as well as a deterrent tomany insect herbivores

(Rosenthal & Berenbaum, 1992; Vermerris & Nicholson,

2008). Larvae of the moth Manduca sexta L. (Lepidoptera:

Sphingidae) are facultative specialists on Solanaceae

(Yamamoto, 1974; del Campo et al., 2001), a plant family

comprising more than a thousand species including

tomato, tobacco, and potato. Chlorogenic acid and other

caffeic acid derivatives are abundant in solanaceous plant

tissues (Eich, 2008), and concentrations can range from few

micrograms to several milligrams per gram of fresh foliage

(Keinanen et al., 2001). UsingM. sexta caterpillars, we test

the hypothesis that plant phenolics acquired from the food

may increase defense against pathogenic infection.

Materials and methods

Insects, plants, artificial diets, and bacteria

Eggs of M. sexta were obtained from a laboratory colony

maintained on a wheat germ-based diet (Yamamoto,

1969) at Liddell Laboratories at Cornell University. For

larvae reared on plants, neonates were fed ad libitum on

wild tobacco, Nicotiana attenuata L. (Solanaceae), in a

greenhouse. For larvae reared on wheat germ-based diet,

neonates were fed ad libitum in individual cups, and

received fresh pieces of diet every 5 days. All larvae were

grown at ca. 25 °C under a L16:D8 photoperiod during

the complete duration of the experiments.

CA+ and CA- diets were prepared based on a recipe by

Yamamoto (1969) for M. sexta larvae. Streptomycin was

excluded from the mix. The CA+ diet was identical to the

CA� diet, but was supplemented with CA (MP Biomedi-

cals, Solon, OH, USA) at 200 lg g�1, a concentration

commonly found in host plants of M. sexta. During the

preparation of the artificial diet, all basic ingredients were

mixed in liquid form at about 65 °C, and then split into

two batches. One of the batches (the CA+ diet) received

CA dissolved in ethanol, resulting in a concentration of

CA of 200 lg g�1 of artificial diet, whereas the other batch

of artificial diet (the CA� diet) received ethanol alone.

Diets were allowed to cool to room temperature and were

stored at 4 °C until use. Each batch of diet was used within

1 week of preparation.

Two bacteria, Enterococcus faecalis (Andrewes & Hor-

der) Schleifer & Kilpper-B€alz and Pseudomonas aeruginosa

(Schroeter) Migula, were used in the experimental infec-

tions. The strain of E. faecalis was originally isolated from

the hemolymph and thoracic muscle of a wild-caughtDro-

sophila melanogaster Meigen by BP Lazzaro in State Col-

lege, PA, USA. The strain of P. aeruginosa used was the

type strain PAO1. Bacterial cultures used for infection

were each grown overnight in Luria broth (LB) at 37 °C
prior to infection. On the day of infection, E. faecalis cul-

tures were diluted with additional LB to A600 = 0.5, and

then further diluted 1:100 in sterile LB. EachM. sexta larva

was injected with 5 ll of this final dilution, delivering ca.
5 000 bacteria per injection. Cultures of P. aeruginosa

were diluted on the day of infection to A600 = 1.0, then

further diluted 1:100 000, yielding a 5-ll injection of 50

bacteria into each larva.

A

B

Figure 1 Larvae ofManduca sexta acquired plant phenolics from

solanaceous foliage. The plant phenolics neo-CA (1), CA (2), and

crypto-CA (3), and an unknown CA-derivative compound (4),

were identified inHPLC chromatograms (UV absorption at

320 nm) of (A)Nicotiana attenuata leaf sample, and (B)M. sexta

larval hemolymph fed onN. attenuata (quantitative results are

presented in Table 1).
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Phytochemical analyses of plants, insects, and artificial diet samples

Fresh samples from leaves and artificial diets from which

larvae have been feeding were weighed and flash frozen in

liquid nitrogen. Hemolymph was sampled from larvae

reared on N. attenuata, CA+ diet, or CA� diets on the

2nd or 3rd day after molting into the fourth instar. Hemo-

lymph was bled from a cut on the tip of the dorsal horn

and a 100-ll aliquot was taken for analysis. After hemo-

lymph collection, larvae reared on CA+ and CA� diets

were dorsally opened lengthwise with fine scissors, and the

body cavity was flushed with insect saline. The complete

intact gut and fat body were removed from each larva and

extra fluids were quickly absorbed with a Kimwipe® from

the remaining carcass. Gut tissue samples, fat bodies, and

remaining carcasses were separately weighed and flash fro-

zen in liquid nitrogen. Plant and insect samples were

stored at �80 °C until used. Plant, insect, and artificial

diet samples were extracted with 1 ml of 80% MeOH by

shaking at 4 °C for 2 h. Similarly, 100 ll of hemolymph

was diluted in 100 ll 80%MeOH and vortexed. After cen-

trifugation (19 700 g at 4 °C for 30 min), samples were

analyzed for CA, its isomers, and caffeic acid derivatives

content by high-performance liquid chromatography

(HPLC) on a reversed phase column (Gemini C18,

150 9 4.6 mm; Phenomenex, Torrance, CA, USA) as

described by Keinanen et al. (2001). The identity of CA

isomers was confirmed by comparison of retention times

and ultraviolet (UV) spectra with synthetic standards. In

addition, we performed liquid chromatography-mass

spectrometry analyses with similar chromatographic con-

ditions replacing the 0.25% phosphoric acid in the aque-

ous HPLC solvent by a 0.1% formic acid solution. The

identity of CA isomers was further confirmed by molecu-

lar ions of 355 [M+H]+ and 353 [M-H]� under positive

and negative electrospray ionization.

Infection of larvae

All bacterial infections were performed on day 1 or 2 of

the M. sexta fourth instars reared on CA+ or CA� diet.

Immediately prior to injection, each larva was weighed

and randomly assigned to one of three treatments: injec-

tion of bacteria (test), LB media (sham), or not injected

at all (intact). Each larva was placed on ice for 5–10 min

before injection. Injections of 5 ll were performed with

a microsyringe, dorsally at 1–2 mm from the base of the

distal dorsal horn on the abdomen of each larva, taking

care not to hurt the underlying hindgut. Larvae were

then placed in their individual cups with a piece of their

respective diets, CA+ or CA�, and positioned head

down to prevent excessive bleeding and to speed wound

healing. Early to mid fourth instars were selected for

infections because they could recover well from coolingTa
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and the injury caused by injection alone. The survival of

larvae was followed over the last two instars, i.e., the

fourth and fifth.

Analysis of larval survival and bacterial load

Hemolymph samples were taken from infected and con-

trol (sham and intact) larvae at 24 � 1 h after infection

by cutting about half of the dorsal horn with fine scissors.

Immediately after the cut, a few droplets of hemolymph

were collected in a plastic microtube and vortexed; 10-ll
hemolymph aliquots were diluted 1:10 and 1:1 000 to

cover a wide range in potential bacterial load. A 50-ll ali-
quot of each diluted hemolymph sample was plated on LB

agar medium using a WASP II spiral plater (Microbiology

International, Bethesda, MD, USA), and incubated at 37 °
C overnight. Bacterial colony counts were obtained for

each hemolymph sample using the ProtoCOL plate count-

ing system (Microbiology International). In the cases in

which both dilutions yielded countable colonies, the aver-

age hemolymph bacterial density estimated from the two

dilutions was used for the calculations. Natural log trans-

formation of the bacterial load estimates provided an ade-

quate fit to normality for ANOVA. Analysis of variance

models included larval diet as an independent variable and

larval mass as a covariant in the model. ANOVAs were

performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA).

After the larvae were sampled for hemolymph, they were

placed back in their individual cups with a fresh piece of

diet, CA+ or CA�, and positioned head down to prevent

excessive bleeding and to speed healing. Larval survival

was monitored daily until all larvae had died or completed

the final (= fifth) instar. Larvae surviving until the end of

the fifth instar were allowed to pupate and emergence of

adults was recorded. Survivorship data were collected daily

until day 19 post-infection with E. faecalis, when the last

surviving larvae began to wander and subsequently

pupated, and until day 17 post-infection with P. aerugi-

nosa, when the only surviving larva completed its last larval

instar. All larvae completing the larval stage eventually

emerged as healthy adults. Survivorship was analyzed

using Cox regression analysis in SAS (SAS Institute, Cary,

NC, USA), with larval diet and mass of the larvae at the

time of infection included as independent variables in the

model.

Analysis of hemocyte concentration in larval hemolymph

Hemocytes are central to the cellular immune system in

insects, and, among other functions, phagocytose and

eliminate pathogenic bacteria (Strand, 2008; Marmaras &

Lampropoulou, 2009). Moreover, hemocytes are known

to aggregate around infected tissues in E. faecalis-infected

M. sexta larvae (Mason et al., 2011). To test whether

dietary CA affects circulating hemocytes, hemolymph

samples from uninfected larvae reared on CA+ or CA�
diets were taken at day 1 or 2 of their fourth instar. The

weight of each larva was recorded at the time of hemol-

ymph sample. Larvae were returned to their individual

cups with a piece of diet, CA+ or CA�, and positioned

head down to prevent excessive bleeding and to speed

healing. Larvae were given 24 h to recover from hemol-

ymph sampling prior to infection. At this time, larvae were

weighed and immediately injected with E. faecalis (1:100

dilution), as described above. Note that the animals

infected in this experiment are distinct from those

described above; the initial data on survivorship and bacte-

rial load were collected from M. sexta that were not

injured prior to infection.

After a 24-h period post-injection, surviving larvae

were weighed, and hemolymph was sampled again.

Aliquots of 10-ll hemolymph from each sample were

pipetted onto a Bright-Line hemocytometer (Hausser

Scientific, Horsham, PA, USA) immediately after bleed-

ing without dilution. The hemocytometer was viewed

using an Olympus 1X71 inverted microscope, and the

total number of hemocytes in a volume of hemolymph

equal to 0.02 mm3 was counted. This value was then

used to estimate the concentration of hemocytes in the

hemolymph (number of hemocytes per ml of hemol-

ymph). Because it is known that the concentration of

circulating hemocytes in the hemolymph increases as

M. sexta larvae grow within an instar, but then drasti-

cally drops just before and during a molt (Beetz et al.,

2008), the concentration of hemocytes in the hemol-

ymph per larva was adjusted by the corresponding body

mass of the larva by dividing the hemocyte concentration

by body mass of the larva at the time hemolymph was

sampled. Hemocyte concentration per body mass of larvae

did not follow a normal distribution, so data were log

transformed for statistical analysis. A repeated measures

ANOVA was used to analyze the concentration of hemo-

cytes in hemolymph per body mass in larvae reared on

CA+ or CA� diets at 24 h before and 24 h after infec-

tion. Control larvae injected with LB media or left intact

until the last hemolymph sampling developed more

quickly than infected larvae, so their hemocyte counts

were not directly comparable to those of treated animals

because treated and control animals were at different in-

stars, and the linear relationship between hemocyte con-

centration and body mass of the larvae only holds true

within an instar. We therefore only contrasted the

hemocyte counts from infected larvae, 24 h before and

24 h after infection. The independent variable in the

model was larval diet. The independent repeated variable

for each larva was time of hemolymph sampling, 24 h
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before and 24 h after bacterial infection. Larval mass at

the time of infection was included as a covariate. Repeated

measures ANOVA was conducted using SPSS 16.0.

Analysis of hemolymph phenoloxidase activity

Phenoloxidase (PO) is an important component of the

humoral immune system of arthropods, and is essential

for wound healing and defense against infection (Cerenius

et al., 2008; Gonz�alez-Santoyo & C�ordoba-Aguilar, 2012).

To test whether dietary CA affects PO activity, hemolymph

samples were taken from larvae reared on CA+ and

CA� diets on the 2nd or 3rd day after they had molted

into the fourth instar. Larvae were injected with E. faecalis,

injected with LB media, or not injected at all and kept as

an intact control group ca. 24 h before collection of he-

molymph samples for PO activity analysis. Handling of

the larvae and experimental procedures for injections were

as described above. All larvae were weighed immediately

prior to hemolymph collection. Hemolymph samples were

collected from the dorsal horn. From each larva, two ali-

quots of 10 ll each were immediately diluted individually

in 500 ll PBS (pH 7.0) in plastic microcentrifuge tubes,

briefly vortexed, and immediately submerged in liquid

nitrogen. Samples were stored at �80 °C for no longer

than 3 weeks before being assayed for PO activity. Samples

were thawed on ice while they were covered with alumi-

num foil to prevent photodegradation as much as possible.

After thawing, each sample was briefly vortexed, and three

100-ll aliquots were transferred to wells in a microplate.

To each well 100 ll of 4 mM dopamine was added and

the plate was incubated at 30 °C in a microplate reader

(Synergy HT; Bio-Tek, Winooski, VT, USA). Absorbance

at 492 nm was recorded every 10 min for 1 h, and then

every hour for four more hours. Three replicate aliquots

were measured per sample, and the absorbances were aver-

aged. The linear phase of the PO reaction was analyzed. In

addition, protein content per sample was measured in

triplicate by adding 200 ll of Bradford’s solution (Sigma,

St. Louis, MO, USA) to 10 ll of sample, incubating for

10 min at 25 °C in the microplate reader and recording

the absorbance at 595 nm. The protein content per sample

was calculated from the average of the three replicates of

each sample from a calibration curve constructed using

bovine serum immunoglobulin (Sigma) as a protein stan-

dard. Phenoloxidase activity was then expressed as PO

units per mg of total soluble protein in the hemolymph.

Repeated measures ANOVAs were performed (using SPSS

16.0) to analyze the PO activity data, in which larval diet

and type of injection were the independent variables, and

larval mass at the time of the hemolymph sample

collection was a covariate in the general linear model

(GLM).

Results

Larvae ofManduca sexta can acquire phenolics from Nicotiana
attenuata leaves

We detected neo-CA (compound 1 in Figure 1A), CA

(compound 2), and crypto-CA (compound 3) inN. atten-

uata foliage on which M. sexta larvae had been feeding.

The most abundant CA isomers in the foliage were CA

and crypto-CA (Table 1). These CA isomers were also

present in hemolymph of M. sexta larvae feeding on

N. attenuata foliage (Figure 1B; Table 1), but not in the

hemolymph of M. sexta fed on artificial diet lacking CA

(Table 1). Chlorogenic acid derivatives occurred at lower

concentrations in M. sexta hemolymph than in the plant

foliage. The concentration of neo-CA in the hemolymph

was almost 10-fold lower than in the foliage, and CA and

crypto-CA were in trace concentrations in the hemolymph

(Table 1). Interestingly, an unknown CA-derivative com-

pound (compound 4 in Figure 1A) was found in low con-

centration in leaf tissue, but was found almost 10-fold

higher in the hemolymph of larvae reared onN. attenuata

(Table 1), suggesting that this may be a conversion prod-

uct whose generation is catalyzed by the caterpillar. Liquid

chromatography-MS analyses using positive and negative

ionization yielded molecular ions with mass to charge

ratios ofm/z 296 and 294, respectively, suggesting amolec-

ular weight of 295 for the unknown CA-derivative com-

pound (4). Further tandem mass spectrometry (MS/MS)

analyses in positive mode yielded a fragment withm/z 163,

corresponding to the caffeic acid moiety indicated by the

UV absorption spectra.

Acquisition of CA from artificial diet

We compared phytochemical profiles of M. sexta larvae

reared on CA� diet to larvae reared on CA+ diet. We con-

firmed that CA isomers and the unknown CA-derivative

compound (compound 4 in Figure 1A) were absent or

present inminute concentrations in the CA� diet. Chloro-

genic acids and the unknown CA-derivative compound

(4) were present in the CA+ diet at concentrations compa-

rable to those detected in N. attenuata foliage (Table 1).

Crypto-CA was not detected in the CA+ diet.

We additionally performed phytochemical analyses of

the gut (n = 15), hemolymph (n = 20), fat body

(n = 15), and remaining carcass (n = 17) of larvae fed on

CA� and CA+ diets (Table 1). The guts of larvae reared

on CA+ diet had significantly higher concentrations of

CA, neo-CA, crypto-CA, and the unknown CA-derivative

compound than guts of larvae reared on CA� diet (inde-

pendent t-tests: P<0.05). All four compounds were found

at higher concentrations in the fat bodies and carcasses of

larvae reared on the CA+ diets compared with larvae
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reared on the CA� diet (independent t-tests: P<0.05, in all
cases except neo-CA in the fat body: P = 0.06). Hemo-

lymph of larvae reared on CA+ diet contained significantly

higher concentrations of neo-CA and the unknown

CA-derivative compound (4) than hemolymph of larvae

reared on CA� diet (independent t-tests: P<0.05;
n = 20,). Thus, CA is assimilated from the diet in the gut

into the body byM. sexta larvae, and it is present in most

of the larval tissues in much smaller amounts than in the

ingested food. Moreover, CA seems to isomerize and to

conjugate in the larval guts, so that the resulting isomers,

neo-CA (compound 1 in Figure 1A) and crypto-CA (3),

and conjugate (4) become present at significantly elevated

relative levels in most of the larval tissues analyzed.

Dietary CA promotes survival in bacterially infectedManduca sexta
larvae

We tested the hypothesis that acquired CA could contrib-

ute to the ability of M. sexta larvae to survive bacterial

infection. Over 30% of the M. sexta fed on CA+ diet sur-

vived infection with the Gram-positive bacterium E. fae-

calis for 11 days post-infection, whereas only 5% of larvae

fed onCA� diet survived this long. Larvae fed onCA+ diet
were significantly more likely to survive infection with

E. faecalis than larvae fed on CA� diet over the 19-day

experiment (Figure 2A; Cox’s regression analysis: hazard

ratio = 2.053, P<0.001; n = 114). Moreover, 100% of lar-

vae surviving to the end of the 19-day experiment were

able to pupate and to emerge as healthy adults weeks later.

Larval size was also a significant predictor of survival after

infection with E. faecalis irrespective of diet, with larger

larvae having a higher probability of survival (hazard

ratio = 0.237, P = 0.001; n = 114). No increase in sur-

vival was seen when M. sexta larvae fed on CA+ diet were

infected with the much more virulent Gram-negative bac-

terium P. aeruginosa (Figure 2B; hazard ratio = 0.751,

P>0.05; n = 44). In this treatment, >90% of caterpillars on

both diets died within 4 days, with the severity of infection

presumably overwhelming any protective effect of the

chlorogenic acid. The vast majority of control larvae suc-

cessfully completed larval development and emerged as

healthy adults (Figure 2C). The probability of survival

among control larvae did not significantly differ across CA

+ or CA� diet (P>0.05), regardless of whether they were
non-injected (n = 15) or injected with only media

(n = 18).

Dietary CA does not restrict bacterial proliferation in infected
Manduca sexta larvae

Increased ability of M. sexta larvae to survive bacterial

infection could in principle be due to increased ability to

eliminate infecting bacteria (e.g., through enhanced

immune activity). We measured the number of bacteria in

the hemolymph of infected larvae 24 h after infection.

Supplementation of the diet with CA had no effect on pro-

liferation of either E. faecalis (ANOVA: F1,37 = 0.080,

P>0.05; n = 40) or P. aeruginosa (F1,41 = 1.194, P>0.05;
n = 44), with caterpillars in both dietary treatments carry-

ing bacterial loads of ca. 5 9 105 E. faecalis or 6 9 104

P. aeruginosa per ml of hemolymph (Figure 3). We

A

B

C

Figure 2 Dietary chlorogenic acid (CA) increased survivorship of

Manduca sexta larvae. Survival ofM. sexta larvae when raised on

CA+ or CA� diet and subsequently infected with (A)

Enterococcus faecalis (n = 114 larvae), or with (B) Pseudomonas

aeruginosa (n = 44 larvae). Control larvae were either not

injected (n = 15) or injected with Luria broth (LB) media

(n = 18 larvae).
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detected no bacteria in hemolymph of larvae sham

infected with sterile media. Larval mass at the time of

infection was a significant predictor of bacterial density in

the hemolymph 24 h after infection, with smaller larvae

carrying higher bacterial loads (ANOVA; E. faecalis:

F1,37 = 10.659, P<0.005; n = 40; P. aeruginosa:

F1,41 = 4.848, P<0.05; n = 44).

Effects of dietary CA on hemocytes in larval hemolymph

Larvae fed CA+ diet had a higher number of circulating

hemocytes in their hemolymph than larvae reared on

CA� diet, both 24 h before and 24 h after infection

(Figure 4; repeated measures ANOVA; diet: F1,25 = 4.702,

P<0.05; n = 27 larvae). Injection of bacteria did not itself

induce a significant change in hemocyte number during a

24-h period post-infection (repeated measures ANOVA;

time of sampling: F1,25 = 0.815, P<0.05; n = 27 larvae,

and two sampling times per larva). Thus, CA supplemen-

tation increased constitutive hemocyte number inM. sex-

ta larvae, although, as reported above, this does not

translate into increased control of bacterial proliferation at

an early stage of infection.

Effects of dietary CA on hemolymph phenoloxidase (PO) activity

Dietary CA did not affect the hemolymph PO activity of

M. sexta larvae injected with either sterile media (n = 30)

or E. faecalis (n = 44), or of non-manipulated control lar-

vae (n = 30) (Figure 5; repeated measures ANOVA,

between and within analyses; diet: F1,101 = 0.065, P>0.05).
Phenoloxidase activity was not induced in caterpillars

from either diet 24 h after injection with E. faecalis (Fig-

ure 5A) or sterile media (Figure 5B) compared with non-

manipulated controls (Figure 5C) (repeated measures

ANOVA, between and within analyses; type of injection:

F2,101 = 0.224, P>0.05). Thus, we conclude that dietary

CA does not affect PO levels in the hemolymph ofM. sexta

larvae.

Discussion

Our results demonstrate that an herbivorous caterpillar,

M. sexta, acquires the plant defensive phenolic compound

chlorogenic acid from host plant leaves or artificial diet,

and that acquired CA and/or its chemical derivatives may

A B

Figure 3 Dietary chlorogenic acid (CA) did not affect bacterial

load in hemolymph ofManduca sexta larvae 24 h after being

infected with pathogens. Bacterial load [mean number of the

natural logarithm of colony forming units (CFU) per ml

hemolymph � SEM] in hemolymph ofM. sexta larvae reared

on CA+ or CA� diet, and subsequently infected with (A)

Enterococcus faecalis (n = 40 larvae), or (B) Pseudomonas

aeruginosa (n = 44 larvae).

Figure 4 Dietary chlorogenic acid (CA) increased the

constitutive number of circulating hemocytes inManduca sexta

larvae. Hemocyte concentration [mean (� SEM) number per ml

hemolymph] per g bodymass ofM. sexta larvae reared on CA+
or CA� diet, in intact larvae (A) 24 h before infection and (B)

24 h after infection with Enterococcus faecalis. Larvae are the same

sampled animals, before and after infection (n = 27 larvae).
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confer increased defense against bacterial infection. Man-

duca sexta provided with CA are better able to survive

E. faecalis bacterial infection than M. sexta deprived of

CA. At 24 h post-infection, M sexta provided with CA

show no change in the ability to suppress bacterial growth,

nor do they demonstrate increases in standardmeasures of

immune system activity. At 4 days post-infection, how-

ever, M. sexta larvae fed on CA begin to survive signifi-

cantly better than control larvae. Thus, larvae acquire and

assimilate CA and its derivatives in small amounts, and

CA exposure results in a constitutive higher number of cir-

culating hemocytes, which could contribute to either resis-

tance or tolerance to pathogens.

Previous reports indicate that dietary phenolics may

undergo intensive isomerization, conjugation, and break

down in the alkaline environment of caterpillar’s guts

(Barbehenn et al., 2003, 2005; Cory & Hoover, 2006).

These restructured chemical derivatives have been specu-

lated to react and inhibit proliferation of ingested patho-

gens such as viruses (Felton et al., 1987, 1989; Felton &

Duffey, 1990; Schultz et al., 1992; Young et al., 1995; Hoo-

ver et al., 1998; Cory & Hoover, 2006), fungi (Cory &

Hoover, 2006; Sandre et al., 2011), and bacteria (Koike

et al., 1979; Cory & Hoover, 2006) in the insect gut, inhib-

iting invasive pathogens before they can establish an infec-

tion. We infected larvae by direct injection of bacteria into

their body cavities, thus preventing any direct contact of

the infectious pathogen with ingested CA and its deriva-

tives in the insect’s gut or diet. We found that CA and caf-

feic acid derivatives can be extracted from food and stored

in larval tissues. Because infected M. sexta provided with

dietary CA show increased survivorship, it appears that the

role of plant phenolics in insect defense against infection

may bemore complex than simple toxicity to the pathogen

that derives from the leaf substrate or characteristics of the

insect gut milieu (Koike et al., 1979; Felton et al., 1987,

1989; Felton & Duffey, 1990; Schultz et al., 1992; Young

et al., 1995; Hoover et al., 1998; Cory & Hoover, 2006;

Sandre et al., 2011).

Acquisition of trace amounts of dietary phenolics has

previously been correlated with improved defense against

infection in humans and other mammals (Scalbert et al.,

2002; Laranjinha, 2010; Nichols & Katiyar, 2010). In one

well-studied example, the phenolic curcumin, present in

the herb turmeric (Curcuma longa L.), is poorly absorbed

by the intestine and undergoes severe reduction and con-

jugation prior to elimination via the intestine, liver, and

kidneys (Anand et al., 2007). Curcumin is therefore pres-

ent only transiently and in trace amounts in the animal’s

tissues after consumption, yet dietary curcumin exerts

pleiotropic cytoprotective and anti-inflammatory effects

(Anand et al., 2007; Shapiro et al., 2009). Laboratory trials

in mammalian experimental models suggest that these

effects likely confer protection against microbial sepsis and

other diseases (Shapiro et al., 2009). Thus, absorption of

minute amounts of CA, its isomers, and the unknown

CA-derivative compound from food byM. sexta larvae may

fall into a more common phenomenon where compounds

of low bioavailability have important immunological func-

tions. Moreover, phenolics could also be toxic at higher

concentrations (Rosenthal & Berenbaum, 1992), so that

A

B

C

Figure 5 Dietary chlorogenic acid (CA) did not affect the

Manduca sexta larvae hemolymph’s phenoloxidase (PO) activity

on dopamine. Mean (� SEM) PO activity of hemolymph

samples fromM. sexta larvae reared on CA+ or CA� diet, and

subsequently infected with (A) Enterococcus faecalis (n = 44

larvae), (B) injected with the control, Luria broth (LB) media

(n = 30 larvae), or (C) non-manipulated controls (n = 30

larvae).
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there may be a trade-off between the immune system-

enhancing and toxic effects that necessitates maintaining

relatively low concentrations of the compounds in the

body.

Although CA and other caffeic acids are known to be

effective antibacterial agents at higher concentrations

(Almeida et al., 2006), the low bioavailability of the acquired

phenolics from CA-supplemented diet by M. sexta larvae

is in agreement with our findings that bacterial prolifera-

tion is not controlled by their antibiotic properties. Dietary

CA and other secondary plant metabolites ingested by

Helicoverpa zea (Boddie) caterpillars regulate expression of

detoxification cytochrome P450 genes in the gut, fat body,

and ovary (Li et al., 2002a,b). Thus, it is possible that

phenolics’ acquired from food up- or down-regulate

expression of molecular and/or cellular effectors, which

mediate survival to bacterial infection in M. sexta larvae.

We found that even before infection, larvae fed on

CA-supplemented diet had constitutively higher numbers

of circulating hemocytes than larvae deprived from dietary

CA. Hemocytes can be phagocytically active and produce

and release most of the humoral components of the

insect’s immune system (Lavine & Strand, 2002; Hillyer

et al., 2003; Strand, 2008; Marmaras & Lampropoulou,

2009) such as phenoloxidases, which are essential enzymes

in melanization and wound healing, and immunopep-

tides, which are involved in immune responses’ signaling

cascades, pathogen recognition, and killing (Jiang et al.,

1998; Ji et al., 2004; Kanost et al., 2004; Nappi & Christen-

sen, 2005; Jiang, 2008; Franssens et al., 2008; Kim et al.,

2008; An et al., 2009). Several of these mechanisms of

defense against pathogens, especially those involving sig-

naling cascades and production of peptides and proteins,

may take time and not be obvious at the early stages of

infection. Thus, increased hemocyte number as a conse-

quence of dietary CA may facilitate the fight against infec-

tion at time points beyond those we measured. As

alternativemechanisms, dietary CAmay increase survivor-

ship through an effect on general health, or other

unknownmechanism.

It is well established that mammals (Victor et al.,

2000; Bhaskaram, 2002; Rivera et al., 2003; Cunning-

ham-Rundles et al., 2005; Heyland et al., 2005; Winter-

gerst et al., 2007; Mizock, 2010) and insects (Lee et al.,

2006; Raymond & Hails, 2007) derive increased toler-

ance to diseases from a diet containing a balanced com-

plement of macronutrients, vitamins, and minerals.

Interestingly, this perspective has recently been expanded

to include other dietary compounds, including dietary

phenolics for tolerance and/or prevention of diseases in

humans and other vertebrates (Riemersma et al., 2001;

Scalbert et al., 2002; Plat & Mensink, 2005; Shahidi &

Ho, 2005; Ferguson & Philpott, 2007; Hadi et al., 2007;

Romeo et al., 2007; Clarke & Mullin, 2008; Magrone

et al., 2008; Vermerris & Nicholson, 2008; Shapiro et al.,

2009; Laranjinha, 2010). Plant secondary metabolites

such as phenolics (Rosenthal & Berenbaum, 1992) have

a function in protection against insect herbivory, but we

have shown that insects may also acquire phenolics from

their food and use them to enhance defense against

pathogen infection. This dual function of plant second-

ary metabolites can theoretically be predicted as a direct

result of a coevolutionary arms race between plants and

their herbivores (Ehrlich & Raven, 1964), but as a con-

cept it has yet to be incorporated into a more integrative

functional analysis of organismal interactions mediated

by phytochemicals.
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