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Abstract 42 

Plant leaves of different ages differ in nutrition and toxic metabolites and thus exhibit 43 

various resistance levels against insect herbivores. However, little is known about the 44 

relationship between leaf ontogeny and plant resistance against phloem-feeding 45 

insects. In this study, we found that the green peach aphid, Myzus persicae Sulzer, 46 

preferred to settle on young cabbage leaves (Brassica oleracea L. var. capitata) rather 47 

than mature or old leaves, although young leaves contained the highest concentration 48 

of glucosinolates. Furthermore, aphids feeding on young leaves had higher levels of 49 

glucosinolates in their bodies, but aphids performed better on young leaves in terms of 50 

body weight and population growth. The concentration of glutamine in young leaves 51 

was the highest, which stimulated aphids feeding when added to the sucrose solution. 52 

Phloem sap of young leaves had higher amino acid:sucrose molar ratio than mature 53 

leaves, and aphids feeding on young leaves showed two times longer phloem feeding 54 

time and five times more dry honeydew excretion than on other leaves. These results 55 

indicate that aphids acquired the highest amount of nutrition and defensive 56 

metabolites when feeding on young cabbage leaves that are strong natural plant sinks. 57 

The higher phloem sap availability of young leaves likely contributes to the 58 

attractiveness and suitability for aphids and may compensate the negative effects of 59 

glucosinolates on aphids. According to these findings, we propose that phloem sap 60 

availability influenced by leaf ontogeny and source-sink status play a significant role 61 

in plant-aphid interaction, which desires more attention in future research. 62 
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INTRODUCTION 86 

The optimal-defense hypothesis suggests that valuable tissues of a plant should be 87 

better defended against insect herbivores (Barton and Koricheva, 2010). Young leaves 88 

of plants usually have higher growth capacity and are more valuable than older ones; 89 

therefore, young leaves generally contain more defensive metabolites than older 90 

leaves (Schuman and Baldwin, 2016). Thus, insect herbivores are expected to prefer 91 

older leaves to minimize the plant resistance conferred by defensive metabolites. 92 

However, many insects still prefer and grow better on young leaves, which generally 93 

contain more nutrition, suggesting that insects have evolved strategies to minimize the 94 

negative impacts imposed by defensive metabolites (Barton and Koricheva, 2010; 95 

Kohler et al., 2015). Some studies have examined the relationship between leaf 96 

ontogeny and plant defense against the insects with chewing mouthparts, but little is 97 

known about leaf ontogeny on plant resistance to phloem-feeding insects (Barton and 98 

Koricheva, 2010; Schuman and Baldwin, 2016). 99 

Aphids mainly feed from phloem sap of their host plants, which contains a large 100 

amount of sucrose and few essential amino acids, providing an unbalanced diet 101 

(Douglas, 2003). During their long period of coevolution, aphids have evolved 102 

strategies to cope with these constraints by increasing amino acids in the phloem and 103 

harboring symbiotic bacteria to synthesize essential amino acids (Douglas, 2003; Cao 104 

et al., 2016). Some aphids can create strong sinks at the feeding sites, increasing the 105 

flow of nutrients to the infested tissues and thereby enhancing the availability and 106 

nutrition quality of the phloem sap (Larson and Whitham, 1991; Girousse et al., 2005; 107 

Züst and Agrawal, 2016). In addition, like other feeding style insect herbivores, 108 

aphids have evolved behavioral strategies to increase their fitness by choosing 109 

particular host plants and feeding sites within them (Powell et al., 2006). Free-living 110 

aphids commonly feed on plant active sinks, like young leaves and reproductive 111 

tissues where phloem sap flows to, whereas these plant tissues generally contain more 112 

defensive metabolites (Gould et al., 2007). Therefore, there seems to be a conflict for 113 

aphids between maximizing nutrition and minimizing exposure to toxic metabolites. 114 

Glucosinolates are the major defensive metabolites in Brassica plants, conferring 115 

resistance to most of the insects (Hopkins et al., 2009). Intact glucosinolates can be 116 

toxic to insects and their toxic effects are enhanced after hydrolysis by the enzyme 117 

myrosinase following tissue damage (Hopkins et al., 2009). Since aphids feed from 118 

phloem sap using their slender stylets, they cause tiny tissue damage to their host 119 

plants and so rarely contact these toxic breakdown products during feeding. However, 120 

indole glucosinolates have a strong antifeedant effects on the green peach aphid, 121 

Myzus persicae Sulzer, even without contacting myrosinase (Kim et al., 2008). 122 

Despite the negative effects of glucosinolates on aphids, M. persicae can grow better 123 

on plants containing higher levels of glucosinolates, suggesting that M. persicae may 124 

has, at least partially, adapted to these metabolites (Cole, 1997; Cao et al. 2016). 125 

For the phloem-feeding insects, the amino acid in phloem sap is the main nutrition, 126 

and the amino acid concentration and composition as well as amino acid:sugar molar 127 

ratio in phloem sap are important indicators of nutrition quality for phloem-feeding 128 

insects (Douglas, 2003). Young leaves generally have higher phloem nutrition quality 129 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 4, 2017. ; https://doi.org/10.1101/085159doi: bioRxiv preprint 

https://doi.org/10.1101/085159
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 
 

and more defensive metabolites; however, little is known about the relative 130 

importance of these two kinds of metabolites in plant resistance against aphids. We 131 

previously found that the generalist aphid, M. persicae, preferred to settle on young 132 

cabbage leaves, Brassica oleracea L. var. capitata. In order to evaluate the relative 133 

importance of nutrition and plant defense in M. persicae-cabbage interaction, we 134 

assessed the preference and performance of M. persicae on different-aged leaves of B. 135 

oleraceae. We also measured the glucosinolates and amino acids in different-aged 136 

cabbage leaves. Aphid feeding behavior was monitored and their honeydew excretion 137 

rate was quantified. This study intends to assess the relative importance of plant 138 

nutrition and plant defense in determining M. persicae feeding preference and 139 

performance on cabbage leaves. 140 

 141 

MATERIALS AND METHODS  142 

 143 

Plants and Aphids 144 

Cabbage seeds (Brassica oleracea L. var. capitata, var. “Qingan 70”) were sown in 145 

the ground in a greenhouse (23 ± 5°C) under natural light conditions. After two 146 

months, similar-sized seedlings were transferred to 10-cm-diameter pots containing 147 

soil mixture (peat moss:perlite = 5:1) and placed in a growth chamber under a 14:10 h 148 

L/D cycle at 22 ± 2oC and 50% relative humidity (RH). The seedlings were watered 149 

with tap water as required and drenched with water-soluble fertilizer (2 g/L, 20-20-20 150 

+ Mg + Trace elements; COMPO Expert GmbH) every five days, receiving 5 times 151 

fertilization in total. The plants were used approximately one month after 152 

transplanting, at which time they had about 11-13 leaves. We defined “young leaves” 153 

as newly emerged leaves with a diameter smaller than 3 cm, “mature leaves” as fully 154 

expanded leaves (about the sixth to seventh emerged leaves), and “old leaves” as 155 

those closest to the soil surface. Myzus persicae were reared on two-month-old 156 

cabbage “Qingan 70” in cages for more than one year in the same growth chamber. If 157 

not otherwise indicated, adult M. persicae with similar size were used in the following 158 

experiments. 159 

 160 

Leaf Age and Aphid Feeding Preference 161 

Leaf discs (1 cm diameter) were cut from different-aged cabbage leaves using a steel 162 

puncher. Two leaf discs from different age groups (i.e., young vs. mature, young vs. 163 

old, and mature vs. old) were placed in one Petri dish (9 cm diameter) lined with wet 164 

filter paper and approximately 13 apterous adult M. persicae were introduced to the 165 

center of these dishes. The number of aphids that had settled on each leaf disc was 166 

counted after 1, 2, 3 and 8 h.  167 

 168 

Leaf Age and Aphid Performance 169 

This assay was performed with intact plants. Three apterous adult M. persicae were 170 

confined on a young, mature or old leaf using a nylon mesh bag (Cao et al., 2016). 171 

The petioles were wrapped with cotton to prevent mechanical damage by the bag. 172 

After 24 h, the adult M. persicae were removed, leaving five newborn nymphs on 173 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 4, 2017. ; https://doi.org/10.1101/085159doi: bioRxiv preprint 

https://doi.org/10.1101/085159
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

each leaf. After a further 9 d, the aphids were collected and weighed on a 174 

microbalance (resolution 0.001 mg; Sartorius MSA 3.6 P-000-DM, Gottingen, 175 

Germany), and the numbers of adults and nymphs were counted.  176 

 177 

Amino Acid Preferences of Aphids 178 

Myzus persicae feeding preference for amino acids was assessed using 15% sucrose 179 

solution containing each of the 20 amino acids that makes up protein. Thirty-five 180 

microliter of 15% sucrose solution (control) and 15% sucrose solution containing 3 181 

mg/mL individual amino acid were confined separately between two layers of 182 

stretched Parafilm M on a plastic Petri dish (1 cm high, 3 cm diameter). Then, 12 183 

apterous adult M. persicae were introduced to each Petri dish and the number of 184 

aphids settled on each solution were recorded every 24 hours, lasting for 3 d. 185 

 186 

Amino Acid and Sugar Analysis 187 

To investigate the relationship between nutrition quality and leaf age, we measured 188 

the amino acid contents in different-aged leaves and phloem sap. Amino acids in 189 

leaves were extracted by grinding the leaves in 0.05 M HCl with a glass mortar and 190 

pestle and were analyzed using an LTQ XL linear ion trap mass spectrometer (Thermo 191 

Fisher Scientific, Waltham, MA, USA) as described previously (Thiele et al., 2008; 192 

Cao et al., 2014a). We used an EDTA-facilitated exudate method to collect phloem 193 

sap. The petioles of cut leaves were immersed in 800 μL of 5 mM EDTA solution (pH 194 

7.0) for 3 h in a dark growth chamber (22°C, 100% RH). To determine the amino 195 

acid:sugar molar ratio in the phloem, we also analyzed the concentrations of sucrose, 196 

glucose, and fructose in the phloem exudate using the LTQ XL linear ion trap mass 197 

spectrometer, as previously described (Cao et al., 2016). These sugars are the main 198 

carbohydrate in the phloem exudate, while all others sugars were less than 1 mg/L and 199 

were not calculated. 200 

 201 

Glucosinolates Extraction and Analysis 202 

To examine the defensive metabolite content in different-aged leaves, we analyzed the 203 

concentrations of glucosinolates in young, mature and old cabbage leaves. To 204 

inactivate the myrosinase in the leaves, 100 mg of leaves were placed in a 50-mL 205 

centrifuge tube and kept in a 96°C water bath for 3 min (Cao et al., 2016). The leaves 206 

were then ground with a glass mortar and pestle in 1 mL MilliQ water, and the 207 

mixture was centrifuged at 12,000 g, 4°C for 15 min. The supernatant was then 208 

collected and filtered through 0.22 μm syringe filters. Glucosinolates were analyzed 209 

using the LTQ XL linear ion trap mass spectrometer (Thermo Fisher Scientific, 210 

Waltham, MA, USA), as described previously (Rochfort et al., 2008; Cao et al., 2016). 211 

The relative amounts of glucosinolates were calculated according to a standard curve 212 

made by 2-propenyl glucosinolate (sinigrin). We collected aphids from different-aged 213 

cabbage leaves and analyzed the glucosinolates in their bodies as described above.  214 

 215 

Honeydew Excretion Assay 216 

To investigate aphid feeding rate on different-aged leaves, we measured the dry 217 
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weight of honeydew excreted by aphids feeding on young, mature and old cabbage 218 

leaves. Five adult aphids were confined to the abaxial side of each leaf using a clip 219 

cage. After 24 h, any nymphs that had been produced were removed and the clip 220 

cages were replaced by new clip cages lined with aluminum foil for a further 20 h. 221 

These clip cages were placed beneath the aphids so that honeydew that was produced 222 

dropped onto the aluminum foil. The aluminum foil was dried to a constant weight in 223 

a drying oven at 50oC before and after the collection of honeydew and the dry weight 224 

of honeydew produced per aphid per hour was calculated.  225 

 226 

Aphid Feeding Behavior 227 

We monitored the feeding behavior of M. persicae on young, mature and old leaves 228 

using the Giga-8 direct-current electrical penetration graph (DC-EPG) system (W. 229 

Fred Tjallingii, Wageningen University, Netherlands). Aphid feeding activities were 230 

recorded for 8 h in a Faraday cage at 24oC. An 18 μm diameter gold wire was attached 231 

to the dorsum of each aphid using silver conductive glue and then aphids were placed 232 

onto leaf surface. Each adult M. persicae and cabbage plants were used only once. 233 

Signal was recorded by the Stylet+d software and the EPG waveforms were 234 

recognized and labeled using the Stylet+ software according to Prado and Tjallingii 235 

(1994). Both software was provided by Prof. Tjallingii (Wageningen University, 236 

Netherlands). EPG parameters were calculated using the Excel workbook for 237 

automatic parameter calculation of EPG data 4.3 (Sarria et al., 2009). 238 

 239 

Callose Assays 240 

Mixed instar M. persicae (30 mg) were confined on the abaxial side of leaves using 241 

clip cages (1 cm diameter) for 3 d. As a control, some leaves were caged without 242 

aphids for 3 d. Leaves wounded by a needle (0.2 mm diameter) for several times were 243 

positive controls. Following collection, the leaves were fixed in ethanol:glacial acetic 244 

acid (3:1) and shaken overnight (Nishimura et al., 2003). The leaves were then 245 

decolorized in 98% ethanol for 2 h and in 50% ethanol for 2 h, washed 3 times in 246 

distilled water, and stained with 0.1% (w/v) aniline blue in 75 mM phosphate buffer 247 

(pH 9.5) for 4 h in the dark. Callose deposits were viewed by a fluorescent 248 

microscope (EX 330-380 nm; DM 400 nm; BA 420 nm; Nikon eclipse 80i; Nikon 249 

Corp., Japan). 250 

 251 

Statistical Analysis 252 

Aphid preferences for different-aged leaves and different artificial diets were analyzed 253 

by paired t-test. Levene’s and Kolmogorov-Smirnov tests were used to test 254 

homogeneity of the variances and normality of the data for aphid weight, EPG results, 255 

individual amino acid concentration in the leaves, total amino acid concentration in 256 

EDTA exudate, amino acid:sugar ratio in the phloem sap, glucosinolate concentration 257 

and honeydew weight. Any data that did not meet these tests were transformed using 258 

ln (1 + x). The effects of leaf age on these factors were then analyzed using one-way 259 

analysis of variance (ANOVA), followed by Fisher's least significant difference (LSD) 260 

tests, at a significance level of P < 0.05. All statistical analyses were performed using 261 
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the IBM SPSS Statistics package 19 (SPSS Inc., Chicago, IL, USA). 262 

 263 

RESULTS 264 

 265 

Myzus persicae Prefer and Perform Better on Young Cabbage Leaves 266 

Significantly more aphids fed on young leaves than mature leaves after 3 h (t = 4.741, 267 

df = 9, P = 0.001) and 8 h (t = 5.063, df = 9, P = 0.001; Figure 1A), while more 268 

aphids prefer to settle on young leaves compared to old leaves since 1 h after aphid 269 

release (t = 3.475, df = 9, P = 0.007; Figure 1B). By contrast, aphids distributed 270 

evenly on mature and old leaves (Figure 1C). Compared with aphids on mature or old 271 

leaves, feeding on young leaves resulted in a higher body weight (F = 18.534, df = 2, 272 

27, P < 0.001; Figure 1D), increased nymph production (F = 5.749, df = 2, 27, P < 273 

0.01; Figure 1E), and an increased number of adults (F = 4.408, df = 2, 27, P < 0.05; 274 

Figure 1F) at the end of the performance assay. 275 

 276 

Young Leaves Are More Nutritious 277 

Young cabbage leaves contained significantly higher levels of arginine (F = 17.569, df 278 

= 2, 21, P < 0.001), serine (F = 20.829, df = 2, 21, P < 0.001), asparagine (F = 30.975, 279 

df = 2, 21, P < 0.001) and glutamine (F = 32.42, df = 2, 21, P < 0.001) than old or 280 

mature leaves (Figure 2A-B). The total amino acid content in the phloem exudate of 281 

old leaves was significantly lower than those of mature or old leaves, while total 282 

amino acid levels in mature and young phloem exudate were not statistically different 283 

(F = 12.417, df = 2, 21, P < 0.001; Figure 2D). Phloem sap amino acid:sugar molar 284 

ratio of young and old leaves was significantly higher than mature leaves (F = 15.573, 285 

df = 2, 21, P < 0.001; Figure 2E). 286 

 287 

Glutamine, Methionine and Valine Stimulate M. persicae Feeding 288 

Significantly more aphids preferred to feed on the glutamine solution after 2 d (t = 289 

2.589, df = 9, P < 0.05; Figure 3A) or methionine solution after 1 d (t = 2.632, df = 9, 290 

P < 0.05; Figure 3B) than the control, and the numbers of aphids chose glutamine 291 

solution or methionine solution increased with time. After 3 d, aphids also showed a 292 

significant preference for the valine solution (t = 2.590, df = 9, P < 0.05; Figure 3C). 293 

There was no significant preference for any of the other amino acid in sucrose 294 

solution (data not shown).  295 

 296 

Young Leaves and Aphids That Feed on Them Have Higher Glucosinolate 297 

Concentrations 298 

Young cabbage leaves generally had higher glucosinolate contents than old or mature 299 

leaves, while old leaves contained the lowest levels (Figure 4A-B). Moreover, aphids 300 

that fed on young leaves had the highest glucosinolate levels in their bodies (Figure 301 

4C-D), containing almost 2 times as much of the indole glucosinolates 302 

1-methoxyindol-3-ylmethyl (1MI3M; F = 27.063, df = 2, 21, P < 0.001), 303 

4-methoxyindol-3-ylmethyl (4MI3M; F = 53.271, df = 2, 21, P < 0.001) and 304 

indol-3-ylmethyl (I3M; F = 102.181, df = 2, 21, P < 0.001) than those feeding on old 305 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 4, 2017. ; https://doi.org/10.1101/085159doi: bioRxiv preprint 

https://doi.org/10.1101/085159
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

or mature leaves (Figure 4C-D). 306 

 307 

Myzus persicae Have Longer Phloem Feeding Time and Produce More 308 

Honeydew on Young Leaves 309 

Aphids had a significantly longer total probing time when feeding on young leaves 310 

than on old or mature leaves (F = 4.571, df = 2, 68, P < 0.05; Figure 5A). The mean 311 

phloem feeding duration of aphids on young leaves was about 4-6 times longer than 312 

those on old or mature leaves (F = 43.184, df = 2, 68, P < 0.001; Figure 5B). Aphids 313 

fed on young leaves had approximately 2 times longer total phloem feeding time than 314 

aphids on mature or old leaves (F = 12.638, df = 2, 68, P < 0.001; Figure 5C), while 315 

honeydew production rate was approximately 5 times higher from aphids feeding on 316 

young leaves than those on other leaves (P < 0.01; Figure 5D). 317 

 318 

 319 

Aphid Feeding Behavior on Cabbage Leaves 320 

Aphids feeding on different-aged leaves had similar numbers of probes before their 321 

stylets contacting plant phloem (F = 0.896, df = 2, 68, P =0.413; Table 1) and spent 322 

comparable time on the first probe (F = 0.216, df = 2, 68, P =0.806). Aphids had the 323 

longest phloem feeding time on young leaves, but they exhibited significantly more 324 

numbers of salivation phase (E1) (F = 20.914, df = 2, 68, P < 0.001) and phloem 325 

feeding phase (E2) (F = 21.162, df = 2, 68, P < 0.001) when feeding on old and 326 

mature leaves. In addition, M. persicae infestation did not elicit callose deposits on 327 

cabbage leaves (Figure S1A), while mechanical wounding resulted in callose deposits 328 

(Figure S1B).  329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 
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 350 

 351 

 352 

 353 

 354 

TABLE 1 | Probing behavior of Myzus persicae on young, mature, and old 355 

cabbage leaves. 356 

         
EPG Parameters 

Young 
n = 25 

Mature 
n = 24 

Old 
n = 22 

Number of probes before 1st phloem 
phase 

7.8 ± 1.7  5.8 ± 1.2 8.5 ± 1.6 

Time to 1st probe from start of EPG 
(min) 

3.7 ± 1.8a 6.5 ± 1.7b 2.5 ± 0.8ab 

Duration of 1st probe (min) 99.5 ± 31.5 71.5 ± 24.1 34.9 ± 7.3 
Time to 1st phloem phase from start 
of EPG (h) 

2.9 ± 0.4 2.3 ± 0.4 2.1 ± 0.4 

Number of E1 1.7 ± 0.2a 5.0 ± 0.6b 6.0 ± 1.0b 
Number of E2 1.6 ± 0.2a 4.8 ± 0.5b 5.7 ± 0.9b 
Mean duration of E1 (min) 0.8 ± 0.1 1.3 ± 0.6  0.8 ± 0.1 
Total duration of E1 (min) 1.2 ± 0.2 7.4 ± 4.1 4.7 ± 0.7 
Total number of probes 10.1 ± 1.7a 17.9 ± 2.0b 26.0 ± 3.8ab 

Data are means ± SE and different letters within each row indicate significant 357 

differences (P < 0.05). E1, salivation; E2, phloem ingestion; n, number of replicates. 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 
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 380 

 381 

 382 

 383 

 384 

DISCUSSION 385 

 386 

In this study, M. persicae exhibited a clear preference for young leaves, which is in 387 

agreement with previous findings for other aphid species (Gould et al., 2007; 388 

Cibils-Stewart et al., 2015). Aphids generally decide to settle on a host plant before 389 

their stylets reaching the phloem bundles (Powell et al., 2006). We found that M. 390 

persicae could distinguish young leaves from old leaves within 1 hour, but aphids 391 

spent at least 2 hours reaching the phloem, suggesting that cues that determine aphid 392 

preference locate at epidermal or mesophyll cells. Stimulatory and deterrent 393 

metabolites as well as plant cell wall composition are involved in host plant 394 

preference by aphids (Goggin, 2007). Myzus persicae showed a strong preference for 395 

the sucrose solution containing glutamine, which is present at a significant higher 396 

concentration in young leaves, suggesting that glutamine may stimulate aphid feeding 397 

and contribute to the attractiveness of young leaves for M. persicae. Some specialist 398 

insect herbivores rely on glucosinolates as settlement cues, which generally were 399 

present at higher levels in young leaves (Gabrys and Tjallingii, 2002; Furlong et al., 400 

2013). However, since indole glucosinolates can act as deterrents to the generalist 401 

aphid M. persicae, this is unlikely to explain aphid preference for young leaves (Kim 402 

and Jander, 2007). Finally, plant cells of young leaves are at expanding stage and have 403 

flexible cell walls that may exert lower restriction to aphid stylet penetration (Divol et 404 

al., 2007).  405 

Aphids continuously feed on plants, removing large amounts of phloem sap and 406 

reducing the hydrostatic pressure of phloem, which alters the source-sink patterns 407 

within the host plant (Girousse et al., 2005; Züst and Agrawal, 2016). According to 408 

Münch (1930), source tissues such as mature and old leaves have higher hydrostatic 409 

pressure than sink tissues such as young leaves and reproductive organs, and so it 410 

would be expected that aphids would ingest more phloem sap by feeding on source 411 

tissues. However, we found that M. persicae produced approximately 5 times as much 412 

honeydew per hour when they fed on young leaves, likely due to these leaves being 413 

strong natural sinks of plants that can easily draw phloem sap from source tissues 414 

during aphid feeding. The EPG results also indicated that M. persicae spent 415 

approximately 2 times longer feeding from phloem of young leaves than mature or 416 

old leaves. Moreover, shorter mean phloem feeding time of aphids on mature and old 417 

leaves indicated that aphids frequently withdraw their stylets from phloem of these 418 

leaves which is possibly due to reduced phloem supply caused by the depletion of 419 

phloem sap. Since M. persicae infestation elicits no visible callose deposits, this is not 420 

possible due to callose block of the phloem. 421 

Amino acids are the major nutrition for aphids and are a key limiting factor for 422 

aphid growth, whose concentration and composition can influence aphid performance 423 
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(Douglas, 2003). The amino acid:sugar molar ratio in the phloem sap was about 5 424 

times higher in young leaves than in mature leaves, indicating a higher nutrition 425 

quality in phloem of young leaves. Although old leaves had a similar amino 426 

acid:sugar molar ratio in their phloem sap to young leaves, aphids obtained only 427 

one-fifth amount of phloem sap on these leaves. The higher amino acid:sugar ratio in 428 

phloem sap of old leaves may be due to the degradation of protein caused by leaf 429 

senescence (Lim et al., 2007). Reduced phloem sap ingestion is usually involved in 430 

plant resistance to aphids, suggesting the significance of phloem sap availability in 431 

determining aphid performance (Will et al., 2013). These results suggest that the 432 

amount of nutrition that aphids can obtained is as important as nutrition quality. 433 

Future research on plant-aphid interaction should pay more attention to phloem sap 434 

availability. 435 

We found that young cabbage leaves contained the highest levels of 436 

glucosinolates, supporting the previous findings of Lambdon et al. (2003). Several 437 

studies have shown that glucosinolates are involved in plant resistance to aphids, 438 

despite aphids rarely contacting myrosinase during feeding (Kim et al., 2008; Pfalz et 439 

al., 2009). However, in our earlier study, we found that M. persicae infested leaves 440 

had high contents of indole glucosinolates but aphids grew better on these leaves (Cao 441 

et al., 2016). Similarly, the cabbage aphid, Brevicoryne brassicae L., also performs 442 

better when feeding on reproductive tissues (flowering canopy) than on vegetative 443 

tissues (leaves), despite the flowering canopy having higher levels of glucosinolates 444 

(Cibils-Stewart et al., 2015). And in this study, M. persicae grew better on young 445 

leaves that contained higher levels of glucosinolates. These findings suggest that the 446 

effects of glucosinolates in plant resistance to aphids has significant variation, which 447 

may be due to nutrition compensate or aphid adaption. and aphids tend to feed on 448 

more nutritious tissues to maximize their fitness, regardless of the higher levels of 449 

toxics in these tissues. In addition, aphids generally had higher levels of I3M and 450 

1MI3M in their bodies than leaves they were feeding on, but aphids feeding on young 451 

leaves contained significantly lower 4MI3M, a more toxic indole glucosinolates for M. 452 

persicae, than that in young leaves, implying that aphids may have converted this 453 

glucosinolates to lesser toxic metabolites. 454 

Both toxic metabolites and nutrition are essential factors in plant resistance to 455 

aphids, but aphids have evolved strategies to cope with these constraints by 456 

detoxifying the toxics and selecting feeding sites (Dreyer and Campbell, 1987; 457 

Mathers et al., 2016). We found that young cabbage leaves contained higher levels of 458 

glucosinolates, but also provide more nutrition, contributing to the improved 459 

performance of M. persicae. The source-sink relationship within plants influences 460 

phloem sap availability and thus aphid performance, which deserves more attention in 461 

the research of aphid-plant interaction. 462 
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 592 

Figure legends  593 

 594 

FIGURE 1 | Preference and performance of Myzus persicae on different-aged 595 

cabbage leaves. Preference of M. persicae for pairs of different-aged leaves (A-C) 596 

(paired t-test: *P < 0.05); and performance of M. persicae in terms of body weight 597 

(D), nymph production (E), and number of adults (F). Different letters above the bars 598 

indicate significant differences (P < 0.05). Values are means ± SE (n = 10). 599 
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 600 

FIGURE 2 | Nutrition quality in cabbage leaves for Myzus persicae. Amino acid 601 

contents in different-aged leaves (A-C), and the amino acid concentrations (D) and 602 

amino acid:sugar molar ratios (E) in the phloem sap. Different letters above the bars 603 

indicate significant differences (P < 0.05). Values are means ± SE (n = 8). 604 

 605 

FIGURE 3 | Myzus persicae preference for glutamine, methionine, and valine. 606 

Number of adult M. persicae selecting a 15% sucrose solution (control) or a sucrose 607 

solution containing glutamine (A), methionine (B), or valine (C). (Paired t-test: *P < 608 

0.05, **P < 0.01). Values are means ± SE (n = 10). 609 

 610 

FIGURE 4 | Concentrations of glucosinolates in different-aged cabbage leaves 611 

and aphids feed on them. Glucosinolates concentrations in different-aged cabbage 612 

leaves (A-B), and in Myzus persicae feeding on these leaves (C-D). Different letters 613 

above the bars indicate significant differences (P < 0.05). Values are means ± SE (n = 614 

8). Glucosinolate side chain abbreviations: 4MTB, 4-methylsulfinylbutyl; I3M, 615 

indol-3-ylmethyl; 4MI3M, 4-methoxyindol-3-ylmethyl; 4OHI3M, 616 

4-hydroxyindol-3-ylmethyl; 1MI3M, 1-methoxyindol-3-ylmethyl; 4MSB, 617 

4-Methylsuphinylbutyl. 618 

 619 

FIGURE 5 | Myzus persicae phloem feeding activities and honeydew production 620 

rate on different-aged cabbage leaves. Total probing time (A), mean phloem feeding 621 

duration (B), total phloem feeding duration (C), and honeydew production (D) by M. 622 

persicae on cabbage leaves. Different letters above the bars indicate significant 623 

differences (P < 0.05). Values are means ± SE (n = 22-25 for A-C; n = 5 for D). 624 

 625 

FIGURE 6 | Model depicting cabbage-Myzus persicae interaction. Physical and 626 

chemical cues from the peripheral (nonvascular) cells control aphid preference and 627 

aphids only decide to settle or leave after penetrating the plant tissue (Powell et al., 628 

2006). In young leaves, the higher concentration of glutamine is likely involved in 629 

host preference of M. persicae, while the high contents of glucosinolates act as 630 

feeding deterrents (Kim et al., 2008). Aphids are external sinks of plants and so can 631 

obtain more nutrition when feeding on young leaves, which are strong natural sinks of 632 

plants.  633 

Red arrows indicate phloem flow direction. 634 

 635 
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