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Abstract 

Studying the population genetic structure of both parasites and their host-plants is 

expected to yield new valuable insights into their coevolution. In this study, we examined 

and compared the population genetic diversity and structure of 12 populations of the Rhus 

gall aphid, Schlechtendalia chinensis, and its host-plant, Rhus chinensis, using amplified 

fragment length polymorphism (AFLP) markers. AMOVA analysis showed that the 

genetic variance of the aphid and its host-plant were both higher within populations 

compared to that among them, suggesting that a co-evolutionary history has yielded 

similar patterns of population genetic structure. We did not detect significant correlation 

between genetic and geographic distance for either the aphid or host-plant populations, 

therefore rejecting an isolation by distance model for the demographic histories of the two 

species. However, our results appeared to suggest that genetically diverse host -plant Rhus 

populations correlated to similarly genetically diverse populations of gall aphid parasites. 

 

Keywords Population genetic structure; AFLP marker; Schlechtendalia chinensis; Host-

plant; Coevolution 
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The Rhus gall aphids (Hemiptera: Aphididae: Eriosomatinae) have complex life cycles with 

alternating sexual and parthenogenetic generations, and they are unique in alternating between 

Rhus (Anacardiaceae) as their primary host in summer and mosses (Bryophyta) as their 

secondary hosts in winter to complete their life cycle1. Rhus gall aphids include six genera and 

12 species, which live on primary host Rhus species to form galls with rich tannins to be applied 

as a raw material in different fields, e.g., medicine, food, dye, chemical and military industry2. 

Among these aphids, Schlechtendalia chinensis is widely distributed in East Asia, and Rhus 

chinensis is its unique primary host-plant2. 

Diversification in parasitic species is known to be tightly linked to diversification in their 

hosts, so that even small evolutionary or demographic changes in the host may profoundly 

impact population structures or adaptive change in the parasite3. These linked, or co-

evolutionary relationships have been studied in numerous parasitic species and their plant or 

animal hosts4,5. For example, Jobet et al. examined the population genetic diversity and structure 

of the urban cockroach and its haplodiploid parasite, an oxyuroid nematode, using RAPD 

markers and found that the genetic diversity within populations was higher than that between 

populations for both the oxyuroid nematode and the host-plant4. Similarly, Jerome & Ford 

revealed that the gene flow among populations of the dwarf mistletoe, Arceuthobium 

americanum Nutt. ex Engelm. (Viscaceae) was similar to its host-plant comprising of Pinus 

species, and they considered that the population structures were influenced by geographic 

isolation among populations of Pinus and different environmental conditions5. 

In a previous study of Schlechtendalia chinensis from China, random amplified 

polymorphic DNA (RAPD) revealed high genetic variation that the authors attributed to 

geographic isolation among populations6. Subsequently, Ren et al. compared the population 

structures of S. chinensis and Rhus chinensis in eight populations from Guizhou Province in 

southwestern China using inter-simple sequence repeat (ISSR) markers7. Their results showed 
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that the population genetic structure of S. chinensis was similar to its host-plant, but there was 

no significant correlation between geographic and genetic distances for either the aphid or its 

host-plant. A more recent study discussed the origin and genetic divergence of Melaphidina 

aphids between East Asia and North America to suggest that the distribution of the aphids was 

influenced by the both the host-plant and the environment, with evidence for the latter being 

that the aphids do not occur throughout the full range of the hosts8. 

By comparison to parasites, the demography of the host plants might be influenced by many 

factors such as rates of seed and pollen transmission and, consequently, gene flow among 

populations and species as well as historical factors of climate, geology and regional biota9,10. 

The genus Rhus (family Anacardiaceae) contains a number of wide spread species, which 

migrated from North America into Asia during the late Eocene (33.8 ± 3.1 million years ago) 

by the Bering land bridge11. The species of R. chinensis exhibited a demographic structure in 

the temperate and subtropical zones in China, which has been impacted by the uplift of the 

Qinghai-Tibet Plateau (QTP)12. 

In this study, we investigated the population genetic structures of Schlechtendalia chinensis 

and its unique host-plant Rhus chinensis from 12 corresponding populations from six provinces, 

and tested the correlations between their population structure, genetic diversity, and gene flow 

using AFLP markers. We expect that our results will provide a framework for coevolution 

between insects and host plants, and also for the further genetic studies and conservative action. 

Results 

We found that eight of 64 pairs of AFLP primers tested had high levels of polymorphism and 

were, therefore, useful for investigating the genetic structure of Schlechtendalia chinensis and 

Rhus chinensis (Table 1). These primers produced 269 polymorphic bands for the 12 aphid 

populations, and the rate of polymorphism was 75.6%. For the host-plant, 333 specific bands 

were produced, and the rate of polymorphism was 81.5% (Table 2). 
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Table 1 Primer combinations in the selective amplification of the aphid and its host 

plant 

Aphid Primer Sequence Host Primer Sequence 

E-AAG/M-CAG 
5’-GACTGCGTACCAATTCAAG-3’ 

5’-GATGAGTCCTGAGTAACAG-3’ 
M-CAA/E-AAG 

5’-GATGAGTCCTGAGTAACAA-3’ 

5’-GACTGCGTACCAATTCAAG-3’ 

E-AAG/M-CAT 
5’-GACTGCGTACCAATTCAAG-3’ 

5’-GATGAGTCCTGAGTAACAT-3’ 
M-CAC/E-AAG 

5’-GATGAGTCCTGAGTAACAC-3’ 

5’-GACTGCGTACCAATTCAAG-3’ 

E-ACG/M-CAA 
5’-GACTGCGTACCAATTCACG-3’ 

5’-GATGAGTCCTGAGTAACAA-3’ 
M-CAA/E-ACA 

5’-GATGAGTCCTGAGTAACAA-3’ 

5’-GACTGCGTACCAATTCACA-3’ 

E-ACT/M-CAG 
5’-GACTGCGTACCAATTCACT-3’ 

5’-GATGAGTCCTGAGTAACAG-3’ 
M-CAA/E-AT 

5’-GATGAGTCCTGAGTAACAA-3’ 

5’-GACTGCGTACCAATTCAT-3’ 

E-ACA/M-CAT 
5’-GACTGCGTACCAATTCACA-3’ 

M-CAT/E-AT 
5’-GATGAGTCCTGAGTAACAT-3’ 

5’-GATGAGTCCTGAGTAACAT-3’ 5’-GACTGCGTACCAATTCAT-3’ 

E-ACT/M-CTG 
5’-GACTGCGTACCAATTCACT-3’ 

5’-GATGAGTCCTGAGTAACTG-3’ 
M-CAC/E-AT 

5’-GATGAGTCCTGAGTAACAC-3’ 

5’-GACTGCGTACCAATTCAT-3’ 

E-AGC/M-CAA 
5’-GACTGCGTACCAATTCAGC-3’ 

5’-GATGAGTCCTGAGTAACAA-3’ 
M-CTC/E-AT 

5’-GATGAGTCCTGAGTAACTC-3’ 

5’-GACTGCGTACCAATTCAT-3’ 

E-AGC/M-CAT 
5’-GACTGCGTACCAATTCAGC-3’ 

M-CTT/E-AT 
5’-GATGAGTCCTGAGTAACTT-3’ 

5’-GATGAGTCCTGAGTAACAT-3’ 5’-GACTGCGTACCAATTCAT-3’ 

For the aphid populations, Nei’s genetic diversity index (H) and Shannon’s information 

index (I) were 1.0573 and 0.3231, respectively. The mantel test showed that the correlation 

between genetic and geographic distances (log) was not significant [r = 0.0153, P = 0.5628 (> 

0.05)]. AMOVA showed that 62.3% of the genetic variance was found within the populations 

and 37.7% among the populations (P < 0.001). The genetic differentiation within aphid 

populations was slightly higher than that among them (FST = 0.4566). 

For the host-plant Rhus chinensis, the values of H and I values were 1.2075 and 0.4168, 

respectively. AMOVA analyses revealed similar results to those of the aphid, with 77.1% of 

the genetic variance within the populations and 22.9% among the populations (P < 0.001). The 

genetic differentiation among populations (FST = 0.5167) was slightly greater than that within 

them. The mantel test showed that the correlation between genetic and geographic distances 

(log) for the host-plant was insignificant [r = 0.25280, P = 0.9940 (> 0.05)]. The relative genetic 

distances (FST/1-FST) between the aphid and its host-plant populations indicated that there was 

no significant correlation between the two species (P > 0.05) (Fig. 1A). There was also no 
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significant correlation between the genetic and geographic distances for either the aphid or its 

host-plant populations (P > 0.05) (Fig. 1B and Fig. 1C). 
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Fig. 1 Scatterplots of pairwise distances for 12 populations in the aphid (Schlechtendalia 

chinensis) and its host plant (Rhus chinensis) system: A. the aphid genetic distance [FST/(1-FST)] 

versus host-plant genetic distance [FST/(1-FST)], B. the aphid genetic distance [FST/(1-FST)] 

versus geographical distance [log(km)], C. the host-plant genetic distance [FST/(1-FST)] versus 

geographical distance [log (km)]. 

Aphid populations were clustered into four groups in the program STRUCTURE (K = 4), 

that was as followings: 1) Anxian and Zhushan, 2) Emei, Hanzhong and Chenggu, 3) Danzhai, 

Taijiang, Wufeng and Shuifu, and 4) the remaining populations, i.e., Longsheng, Jingping and 

Malipo (Fig. 2). Similarly to the aphid, the most highly supported number of clusters among 

the plant populations was K = 4, and the 12 populations were divided into the following four 

groups: 1) Anxian, 2) Chenggu, Emei and Hanzhong, 3) Danzhai, Longsheng, Shuifu, Wufeng, 

Taijiang and Zhushan, and 4) Jinping and Malipo (Fig. 2). 

 

Fig. 2 The genetic structure analysis of aphid and its host-plant based on STRUCTURE (K = 

4). 

Based on the genetic distances, the NJ tree of the host-plant showed that the populations 

were clustered into three groups (I, II and III), which were shown in Fig. 3B (left). There were 
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six populations in group I, i.e., Anxian, Chenggu, Emei, Hanzhong, Shuifu and Zhushan, that 

were all located in Daba Mountains and Sichuan Basin. Group II contained two populations, 

Jinping and Malipo, which occurred in Yunnan Province near the China-Vietnam border, where 

they experienced a tropical climate. Group III was comprised of Wufeng, Longsheng, Danzhai, 

and Taijiang, which occurred in the Yunnan-Kweichow Plateau and adjacent areas, and thus, 

sharing the same environment. These are comparable to the groups revealed in STRUCTURE 

except that Shuifu and Zhushan were separated from Wufeng, Longsheng, Danzhai, and 

Taijiang. 
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Fig. 3 The population distribution of the collected samples (A) and the NJ tree (B) obtained 

from the analysis of AFLP data for the aphid Schlechtendalia chinensis and its host-plant Rhus 

chinensis. 

Based on the groupings from the NJ tree of Schlechtendalia chinensis, the Yangtze River 

appeared to be an important geographic isolation factor and separated group III from groups I 

and II, seeing Fig. 3B (right). The Shuifu population may represent a connection across the 

Yangtze River, as the population occurred on both the northern and southern banks. The results 

for the aphids were similar to those of the host plants in showing three major groups. However, 

the groups greatly differed in Wufeng and Longsheng populations, which comprised a clade 

within group III for the plants, whereas, in distant positions within group I for the aphids (Fig. 

3B). Based on the topology of the NJ trees of the aphid Schlechtendalia chinensis and its host 

plant Rhus chinensis, we calculated their similarity and correlation using TOPD/FMTS13 to get 

the split distance with the value 0.667 (12/18). 

Discussion 

In the present study, we found that the genetic structure of the aphid, Schlechtendalia chinensis, 

was partially similar to that of the host plant; or, stated another way, similar by some measures. 

The diversity levels within population of the aphids and their host plants are more similar for 

Anxian, Zhushan, Emei, Jingping and Malipo by comparing to the others, such as Wufeng, 

Shuifu and Longsheng. We thought that this population genetic structure and diversity were the 

result of geographic isolation and coevolution6, 8-9. However, the levels of inter-populational 

introgression were similar for plants and aphids within each population according to 

STRUCTURE (Fig. 2). For example, both the plants and aphids from Jinping and Malipo 

populations showed relatively small amounts of introgression from other populations, while 

Taijiang and Wufeng showed considerably more for both species. In addition, the previous 

studies showed that both aphids and their host-plants had the same patterns of gene flow7, 14, so 
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there should also be relatively high gene flow among S. chinensis populations based on high 

gene flow among R. chinensis, which was well supported by our current study. 

The similar population structures between the aphids and their host plants suggested a 

coevolutionary history8. This was also supported by the similar divergence times of Rhus gall 

aphids and Rhus plants (Eocene-Oligocene boundary, 33 - 35 million years ago)8, 11, 15 as well 

as the NJ trees, which resolved similar major groups of aphid and plant populations, which were 

consistent with the largely co-evolving of aphids and their host plants. Nevertheless, some 

discrepancies existed between the two trees. Most notably, aphids from Wufeng population, 

lying in the south of the Yangtze River, likely came from populations in the Chenggu and 

Hanzhong areas, which were to the north of the river. Similarly, aphids from Longsheng 

population, which is located in the south of the Yangtze River, were also likely originated from 

the north of the river. All of them suggested that the river was a much greater barrier for the 

gene flow of either the aphid or its host-plant. 

The population history of the host plants has undoubtedly had a profound impact on the 

aphid population structures, while aphids also responded to the abiotic environment and/or the 

availability of their host plants. For example, the survival rates of the aphid Schlechtendalia 

chinensis were known to be seriously impacted by the average temperature and precipitation in 

March along with the distribution of its secondary host plant14. Thus, the aphids were not 

present throughout the entire range of its host-plant Rhus chinensis7. 

The level of genetic diversity of the host-plant was higher than other woody plants in the 

region, such as Phellodendron amurense Rupr.16-18. High levels of genetic diversity were often 

observed in plants with long life spans, such as trees, wide geographic distributions, wind 

pollination, and an abundant fruit yield19. Rhus chinensis is a widespread species, which is a 

perennial small tree or shrub, with long generation cycle, with pollen dissemination by wind19-

20. Therefore, these functional traits of the plant likely interacted with the environment to 
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strongly influence the genetic diversity of the species9, 20-21. 

The genetic diversity within the Longsheng and Wufeng populations of Rhus chinensis were 

the highest among all the populations, which might result from their greater isolation from other 

populations by wide rivers and mountains. The two populations both occur in the eastern part 

of the Yunnan-Kweichow Plateau within the subtropical zone, which receives abundant annual 

rainfall and heat. Moreover, this region is biotically diverse because floristic elements from the 

south, southeast, and central China meet overlapping ranges. High levels of biodiversity were 

often correlated with scattered, genetically isolated individuals or populations22. Besides, the 

pollen could occasionally be carried across the water and over mountain barriers by birds23, 

which might make the genetic diversity of R. chinensis become higher. 

We found that the genetic diversity in Wufeng, Anxian, and Zhushan populations of both 

the aphid and host-plant was higher than other populations. The higher genetic diversity might 

correspond to an equitable environment and extensive gene flow24. Based on the results from 

STRUCTURE analysis of Schlechtendalia chinensis population, Wufeng, Anxian, and Zhushan 

populations contained relatively high frequencies of all observed genotypes and might, 

therefore, be the sources for all other sampled populations. Within the three populations, the 

genetic diversity of the host-plant was also higher than other populations and might help to 

facilitate higher diversity among the aphids through co-evolutionary processes25-27. 

The migratory flight of the aphid was strong, reaching a maximum distance of 22 - 26 km 

and having a maximum flight time of 118 min28. High gene flow usually leaded to high genetic 

diversity of species29. Therefore, the gene flow was strong, especially for aphids in the same 

geographic environment, and the genetic diversity of these populations, such as Wufeng and 

Zhushan, was high. These factors led to more genetic differentiation among populations, while 

the genetic variance was within populations. These results were similar to those of previous 

researches5,7. 
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Materials and Methods 

Sample collection.  We collected aphid galls and host-plant leaf samples from 12 locations in 

China (Fig. 3A). When the galls were mature, we cut them open and collected the aphids in 

absolute ethanol. We stored leaves in plastic zipper bags with silica gel prior to DNA isolation. 

We deposited all the voucher specimens at the School of Life Science in Shanxi University, 

China. 

DNA extraction and AFLP analysis.  We immersed the aphid samples in sterile water for 24 

hours with the water being changed every eight hours. Thereafter, we extracted genomic DNA 

of aphid individuals using the conventional phenol/chloroform method30. For the host-plant, we 

extracted genomic DNA using a modified CTAB method31. 

We performed restriction enzyme digestion of template DNA using EcoRI and MseI in a 25 

µL reaction mixture that contained 4 µL 10 × Tango buffer, 10 u EcoRI, 4 u MseI and about 

200 ng template DNA. The product of the enzyme reaction was ligated into the vector, and 

immediately pre-amplified. The selective amplification occurred in a total volume of 25 µL, 

including 2 µL pre-amplification reaction mixture, 2 µL 10 × Taq buffer (with Mg2+), 0.25 mM 

dNTPs, 0.4 µM MseI primer, 0.4 µM EcoRI primer, 1.5-unit Taq DNA polymerase. The PCR 

amplification protocol for the aphid and host-plant was as follows: initial denaturation for 2 

min at 94°C, followed by 1 cycle of 30 s at 94°C, 30 s at 65°C and 1 min at 72°C. Thereafter, 

we reduced the annealing temperature by 0.7°C for each of 12 subsequent cycles, followed by 

25 cycles of 30 s at 94°C, 30 s at 56°C and 1 min at 72°C. We visualized the resulting products 

on 6% denaturing polyacrylamide gels and scored bands as binary data (presence = 1; absence 

= 0) for downstream statistical analyses. 

Data analyses.  We used POPGENE 3.2 to calculate the percentage of polymorphic loci (P), 

Nei’s genetic diversity index (H) and Shannon’s information index (I)32, and performed a 

mantel test using NTSYSpc 0/1-version 2.11 software based on the binary matrix to analyze 
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the relationships among genetic and geographic distances between the 12 populations33-34. 

AMOVA was conducted using ARLEQUIN 3.0135. We constructed neighbor-joining (NJ) trees 

of both aphid and its host-plant based on genetic distances using Mega 4.0 software36. To 

compare the most likely number of population genetic clusters (K) in the AFLP datasets for the 

aphid and host plants (independently), we compared values of K value from two to nine, with 

ten replicates performed for each K, a burn-in of 1 × 105 iterations, and 1 × 105 Monte Carlo 

and Markov Chain (MCMC) steps. We determined the best-fit of clusters using ΔKin 

STRUCTURE HARVESTER37. 
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Table 2 Sampling information and genetic polymorphism of AFLP analysis for the aphid and its host-plant populations 

Population Provinces 
Samples No. 

Altitude (m) Latitude Longitude 
Voucher specimens P. L P (%) 

Aphid Host Aphid Host Aphid Host Aphid Host 

Taijiang Guizhou 16 16 721 26°39’ 108°19’ SC-TJ17 RC-TJ17 111 234 41.1 62.9 

Danzhai Guizhou 11 15 1005 26°11’ 107°47’ SC-DZ13 RC-DZ16 115 197 42.6 52.9 

Wufeng Hubei 24 29 614 30°12’ 110°40’ SC-WF25 RC-WF33 144 241 53.3 64.8 

Zhushan Hubei 18 8 717 32°13’ 110°14’ SC-ZS20 RC-ZS9 129 186 47.8 50.0 

Chenggu Shaanxi 22 22 605 33°09’ 107°99’ SC-CG23 RC-CG23 70 183 25.7 49.2 

Hanzhong Shaanxi 17 18 1453 33°05’ 107°02’ SC-HZ18 RC-HZ20 61 190 22.7 51.2 

Longsheng Guangxi 19 41 702 25°47’ 110°01’ SC-LS20 RC-LS43 76 248 28.2 66.7 

Anxian Sichuan 20 18 557 31°31’ 104°33’ SC-AX15 RC-AX15 127 207 47.0 55.7 

Emei Sichuan 17 13 899 29°36’ 103°29’ SC-EM18 RC-EM14 91 163 33.7 43.3 

Shuifu Yunnan 11 18 1644 28°37’ 110°14’ SC-SF12 RC-SF19 75 180 27.8 48.4 

Jinping Yunnan 12 20 1248 22°46’ 103°13’ SC-JP15 RC-JP16 81 175 30.0 47.0 

Malipo Yunnan 11 41 1619 23°07’ 104°42’ SC-MLP1 RC-MLP1 94 204 34.8 54.8 

Total  198 259      269 333 75.6 81.5 

Notes: P.L - Polymorphic bands. P - Polymorphism rate. 



Figures

Figure 1

Scatterplots of pairwise distances for 12 populations in the aphid (Schlechtendalia chinensis) and its
host plant (Rhus chinensis) system: A. the aphid genetic distance [FST/(1-FST)] versus host-plant genetic



distance [FST/(1-FST)], B. the aphid genetic distance [FST/(1-FST)] versus geographical distance
[log(km)], C. the host-plant genetic distance [FST/(1-FST)] versus geographical distance [log (km)].

Figure 2

The genetic structure analysis of aphid and its host-plant based on STRUCTURE (K = 4).



Figure 3

The population distribution of the collected samples (A) and the NJ tree (B) obtained from the analysis of
AFLP data for the aphid Schlechtendalia chinensis and its host-plant Rhus chinensis. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,



territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.


