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. The white-backed planthopper (WBPH), Sogatella furcifera (Horvath), is a destructive pest of rice

. inthe Greater Mekong Subregion (GMS) countries including Cambodia, Laos, Myanmar, Thailand,

© Vietnam, and China’s Yunnan Province. Our previous study not only confirmed the immigration sources

. of the WBPH in China’s Yunnan Province were from Myanmar, Vietnam, and Laos, but also indicated

. that Cambodia was likely an additional migration source. To further clarify the migration sources and

. patterns of the WBPH in the GMS, we investigated the genetic structure of 42 WBPH populations using
microsatellite loci markers. The analysis of genetic diversity, heterozygosity deficit, and heterozygosity
excess based on the nuclear markers suggest that there is extensive gene flow between the 42 sampled
populations from the GMS. The genetic structure confirmed the immigration sources of WBPH as

. revealed by mitochondrial markers and trajectory analyses methods in previous studies. These findings

. will aid in the sustainable regional management of this insect pest in the GMS.

The white-backed planthopper (WBPH), Sogatella furcifera (Horvath) (Hemiptera: Delphacidae), is one the most
. destructive pests in rice producing areas of the Greater Mekong Subregion (GMS) including Cambodia, Laos,
. Myanmar (Burma), Thailand, Vietnam, and China’s Yunnan Province. The migration sources and dispersal pat-
© terns within the region have been examined by several researchers in recent years. For example, a number of
studies have begun to explore the migration sources of the WBPH based on the trajectory analyses methods!-.
Due to their small body size, short lifespan, and long distance dispersal capability, it has been difficult to use
fluorescent marker dyes, radar monitoring or other conventional approaches to study the migration of these
insects’. Molecular makers have the potential to overcome those challenges®®. Using both mitochondrial genes
- and microsatellite loci as molecular markers, migration patterns of the diamondback moth within China have
. been identified from the southern to northern regions!°.
Our previous studies suggested that a small number of the WBPH are able to overwinter in the low latitude
: paddy area in the southern part of Yunnan Province, China'l. The immigration sources into Yunnan Province
during April to early May were estimated to be mainly from Myanmar, while the mid-May immigrations originate
from northern Vietnam®!2. Recently, we have used the mitochondrial cytochrome oxidase I (mtCOI) marker to
: determine the sources and patterns of the WBPH in the GMS'?, demonstrating that the potential emigration of
: the WBPH from the GMS consists of three possible major routes. Those results not only confirmed that the immi-
. gration sources of the WBPH into China’s Yunnan Province were from Myanmar, Vietnam, and Laos®'>!, but
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JP 25 7.6250 | 2.9487 |0.3465 | 0.6479 | 0.6319 —0.0180 0.0195
KY 25 6.3750 3.2404 ]0.329 0.6750 | 0.6611 0.0003 0.2305
YS 25 8.2500 |4.5542 |0.3614 |0.7204 |0.7054 |0.1131 0.4727
FN 25 8.1250 3.7317 03478 | 0.6828 | 0.6684 | 0.0372 0.0977
MD 25 ]6.6250 3.3366 | 0.4165 0.5872 0.5735 —0.0082 0.2734
BS 25 | 6.5000 |3.4192 |0.3715 0.6168 0.6036 —0.022 0.2305
MS 25 ]6.1250 | 3.4551 0.3821 0.6242 0.6089 —0.0406 0.2305
YIJ 25 | 7.5000 |4.5493 0.3985 0.6916 | 0.6765 | 0.1402 0.6289
LC 25 7.6250 | 4.0353 0.4110 | 0.6839 | 0.6700 | 0.1404 0.3203
NE 25 7.0000 |3.4736 |0.3976 |0.6573 |0.6430 | 0.0880 0.0977
MH 25 8.6250 | 4.7007 |0.3504 |0.7137 | 0.6991 0.0866 0.1563
SJ 25 7.6250 | 4.0784 |0.3121 0.6779 | 0.6635 —0.0181 0.3711
GM 25 8.000 42825 | 0.3728 | 0.6883 0.6728 | 0.0895 0.2734
CY 25 6.8750 3.1437 | 0.3916 |0.6334 | 0.6202 | 0.0370 0.0039
CcX 25 | 6.2500 3.8024 03977 |0.6224 |0.6068 —0.0419 0.6289
SM 25 7.6250 3.6496 | 0.2562 | 0.7041 0.6892 —0.0622 0.1250
XP 25 7.3750 | 4.1118 ]0.3614 |0.7139 | 0.6988 |0.1045 0.3711
YUJ 25 7.5000 |4.3294 |0.4152 0.6886 | 0.6724 |0.1433 0.1250
Y 25 | 8.1250 |4.5294 ]0.3600 |0.7221 0.7053 | 0.1040 0.6289
SZ 25 6.3750 |3.6770 | 0.3712 0.6632 | 0.6496 | 0.0498 0.6289
L1 25 7.2500 |3.8766 |0.3423 | 0.6454 |0.6320 —0.0266 0.2305
L2 25 7.2500 | 4.1650 |0.3636 |0.6307 |0.6176 —0.0088 0.4219
L3 25 6.5000 |3.8827 |0.3019 |0.5857 |0.5723 —0.1968 0.5273
L4 25 7.0000 3.6879 102945 | 0.6442 |0.6299 —0.0937 0.2305
L5 25 7.3750 3.4728 |0.2967 | 0.6425 | 0.6265 —0.0905 0.1563
L6 25 7.3750 3.8470 |0.3485 |0.6671 0.6512 | 0.0329 0.2734
L7 25 | 6.7500 3.7158 |0.3562 | 0.6096 |0.5946 —0.0540 0.1914
L8 25 8.2500 |4.4126 |0.2834 |0.7222 0.7033 0.0129 0.1914
T1 25 |6.8571 3.7785 ]0.5379 | 0.6128 0.5786  |0.1293 0.3438
T2 25 |8.2857 | 4.0453 0.3551 0.7113 0.6910 | 0.0882 0.2891
C1 25 7.8571 3.9816  |0.2452 0.7460 | 0.7303 —0.0255 0.3438
C2 25 8.1250  |4.1628 0.3467 |0.7650 | 0.7459 |0.1406 0.2305
C3 25 8.5000 | 5.0602 0.3653 | 0.7603 |0.7433 | 0.1631 0.5273
C4 25 7.6250 |4.4566 |0.3085 |0.7279 |0.7125 |0.0437 0.9023
V1 25 7.3750  13.9255 |0.3478 |0.7236 |0.7079 |0.0954 0.3711
V2 25 7.8750  |4.7815 ]0.3072 | 0.7157 |0.6925 0.0222 0.5273
V3 25 7.8571 3.9462 0.3364 |0.7167 |0.6334 |0.0891 0.0391
V4 25 5.5000 3.5532  0.3389 | 0.6984 |0.6609 |0.0167 0.5273
Ml 12 5.6250 3.9255 0.4417 | 0.6747 |0.6421 0.1747 0.9609
M2 12 5.7500  14.0031 0.4347  |0.6997 |0.6612 |0.1990 0.6797
M3 9 41250 |3.1872 |0.4745 0.6644 | 0.6181 0.2314 0.9629
M4 5 3.3750 |2.5234 |0.5563 0.5639  [0.4922 |0.2225 0.1563

Table 1. Genetic diversity indexes and genetic structure within of Sogatella furcifera collections based on
microsatellite data. For each sample, the following are indicated: sampling site, population code, date of
collection, host plant, sample size (N), average number of alleles per locus (Na), the effective number of alleles
(Ne), the observed heterozygosity (Ho), the expected heterozygosity (He), and Nei’s expected heterozygosity
(Nei), the estimator of the fixation index (Fis), and the Wilcoxon test P value for heterozygosity deficit compared
to expectations at mutation-drift equilibrium (Pwil). Significant values for Fs and for heterozygosity deficiency
are in bold.

also indicated that Cambodia was a likely additional migration source. As nuclear genetic markers, microsatellite
loci have been widely used in elucidating the genetic structure of insect populations, because they are inherited
codominantly and have a broad distribution and high abundance throughout the genome!*-!8. Determining the
genetic structure of the WBPH in the GMS based on nuclear markers will provide further insights into the gene
flow and migration patterns of the WBPH in this region.

In the present study, we investigated the genetic structure of 42 WBPH populations using nuclear (microsat-
ellite loci) markers, to reveal the gene flow and migration patterns of the WBPH in the GMS. These results will
benefit future sustainable management programs of this insect pest in the GMS.
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CX 0.03711 0.42188 0.67969
MD 0.32031 0.76953 0.99414
BS 0.37109 0.80859 0.98633
MS 0.09766 0.80859 0.98633
YIJ 0.09766 0.42188 0.80859
LC 0.42188 0.72656 0.97266
XP 0.09766 0.67969 0.98633
YUJ 0.37109 0.90234 0.98047
NE 0.37109 0.96289 0.99609
MH 0.47266 0.87500 0.90234
SJ 0.15625 0.67969 0.98633
GM 0.27344 0.76953 0.99023
(0)'¢ 0.57813 0.99805 1.00000
SZ 0.02734 0.42188 0.97266
KY 0.01367 0.80859 0.99414
YS 0.23047 0.57813 0.90234
FN 0.37109 0.96289 1.00000
JP 0.67969 0.98633 1.00000
SM 0.27344 0.90234 0.98633
zY 0.03711 0.42188 0.98633
L1 0.37109 0.80859 0.98047
L2 0.23047 0.62891 0.97266
L3 0.19140 0.52734 0.97266
L4 0.37109 0.80859 0.96289
L5 0.52734 0.87500 0.99414
L6 0.23047 0.76953 0.99414
L7 0.32031 0.84375 0.98633
L8 0.32031 0.84375 0.99023
T1 0.46875 0.71094 0.96094
T2 0.53125 0.76563 0.99609
Cl 0.02734 0.71094 1.00000
C2 0.27344 0.80859 0.98633
C3 0.01367 0.52734 0.90234
C4 0.03711 0.12500 0.87500
V1 0.00977 0.67969 0.99023
V2 0.03711 0.52734 0.80859
V3 0.28125 0.97656 1.00000
V4 0.23047 0.52734 0.84375
M1 0.01953 0.05469 0.65625
M2 0.03711 0.37109 0.37109
M3 0.02734 0.09766 0.23047
M4 0.87500 0.87500 0.90234

Table 2. Within-collection tests for heterozygosity excess P-values according to three models (IAM, TPM, and
SMM). Bold indicates significance at P < 0.05.

Results
Genetic diversity based on microsatellite alleles. The data microsatellite locus KJ7 was eliminated due
to the existence of the high null allele, thus, only eight loci were used in the analysis of genetic diversity, genetic
structure, and gene flow. Values of genetic diversity indexes of the populations from China’s Yunnan Province
are given in Table 1. The average number of alleles per locus (Na) ranged from 3.375 to 8.625, and the effective
number of alleles (Ne) ranged from 2.5234 to 5.0602. The expected heterozygosity (He) ranged from 0.5639 to
0.7650 while the observed heterozygosity (Ho) ranged from 0.2452 to 0.5563. The He value in each population
was higher than the value of Ho. Nei’s expected heterozygosity (Nei) ranged from 0.4922 to 0.7459. The level of
genetic diversity indexes was similar in most populations.

The level of genetic diversity in most populations from different countries was similar. For example, the He
in Laos populations ranged from 0.5857 to 0.7222 which was similar to those from Thailand (0.6128-0.7113),
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€X MD BS Ms YU LC XP YU NE MH SI GM CY Sz KY YS PN JP SM zY LI L2 13 14 Ls L6 L7 L§ T T2 C € C C4 VI V2 V3 VA M M2 M3 M4

X 00000
MD 0.0125 00000

BS 00082 00084 00000

NS 00003 00156 00081 0.0000

YIJ 0.0188 00398 00450 00366 00000

LC 00222 00401 00318 00114 0.0075 0.0000

XP 00253 00397 0.0365 00155 00071 00094 00000

YU 00151 00357 00370 00216 00124 00005 00003 0.0000

NE 00194 00377 0.0381 00346 -00006 00157 0.0160 00023 0.0000

MH 0.0236 0.0272 00344 00282 00036 00159 00109 00017 00046 00000

SI 00231 00436 00405 00154 0.0086 -0.0023 00025 00005 0.0081 0.0086 00000

GM 00256 0.0265 0.0365 00235 -0.0022 0.0009 00038 00041 00017 00007 00004 00000

Y 00241 00264 00340 0.0228 00163 00193 00229 00024 0008 00220 00084 0.0108 00000

SZ 0032 00%S 00350 00291 00151 00125 04225 00050 00106 00092 00051 0.00S6 00059 00000

KY 00332 00345 00428 00254 00155 00069 0.0072 00104 0.0119 0.0140 00066 0.0079 00041 00156 00000

YS 00259 00449 0.0485 00310 -00010 0.0081 00003 -00025 L0031 00023 00007 00028 00LI3 00109 00043 00000

FN 00355 00527 00491 00253 00114 00128 00037 00032 00136 00124 00016 00050 00189 00164 00202 00037 00000

JP 00622 00653 00689 00455 04392 00272 0263 00250 00404 0.0395 00280 00153 00321 00405 0059 00214 00101 0.0000

SM 0052 00723 00851 00636 00305 00432 0037 0021 00306 003 0O3IS 003 070 00395 00342 00112 00125 0.0283 00000

7Y 00463 00446 00438 00377 001SI 00199 00144 00083 00229 00067 00270 00134 00367 00209 0.0212 00101 00163 0309 00230 00000

LI 00276 0.0419 0.0405 0.0183 00181 00085 00140 0.0047 00124 00196 00031 00022 0.0170 00249 00197 0004 00071 00166 00434 00271 0.0000

L2 00334 0.040 00389 00269 00250 04238 04331 001 0.0224 00121 0023 00114 00239 0.01S6 0030 00228 00243 0038 00547 00181 00057 0.0000

L3 0023 0.0230 00320 00237 0035 0434 00419 0.0276 0302 00275 0034 00244 00363 00386 00422 00309 003SS OSIH 00603 00401 00072 D12 00000

L4 00191 00178 00264 00173 00174 00197 00177 000 0212 00092 00223 00143 00275 0043 0283 0019 00196 00404 003K 00106 00112 00017 00061 00000

LS 00261 00303 00377 00400 0.0067 00168 0.0237 00119 00156 00150 00239 0.0076 00257 00266 0.0250 0015 00179 00189 0.0327 00278 00176 0.0227 00325 0.0247 0.0000

L6 00185 0.0281 00283 00195 00170 00070 00071 0013 0015 00062 00114 00122 003 0.0221 00ISI 0005 OIS0 0412 00299 00TI9 00177 00187 00223 QOIS 00127 00000

L7 00045 0.0237 00341 00162 00191 00116 00185 00147 00140 00210 00141 00129 00230 0.0364 00194 00144 00242 039 0365 00383 00112 0.0303 00152 00169 00100 00U 0.0000

LS 0.0199 00306 00411 0.0214 0007 00019 00015 00055 0.0079 0.0052 00065 -00012 00194 0058 0.0047 00020 00099 0.0152 0.0187 00204 00103 0.0271 00245 00189 00112 0.0070 0.0095 0.0000

TU 02930 02976 02988 02857 02774 02711 02535 02647 02797 02485 02559 02516 02669 02607 02640 02420 02548 02606 02479 02663 0727 02643 03033 02681 02746 02761 03124 02584 00000

T2 01839 01855 01832 01736 01621 01561 01415 01470 0IST3 01324 01419 01391 01516 01438 01456 01287 01416 01463 0.1336 01467 01589 01479 01832 01478 0.1639 01580 0.1921 0.1396 00198 00000

CI 00352 00633 00514 00371 00R1 04285 0.014S 0.25 0.0299 0023 00232 003 00427 00431 00287 0017 0049 00468 0.0220 00303 00264 0.0363 00410 00276 00474 00268 00464 00116 02123 01024 00000

C2 00785 00976 0.0963 0.0751 00395 0016 00362 00316 00411 00451 00359 0036 0.0477 0.0STH 00470 00267 00355 00537 00495 00526 00467 0.0671 OOSI1 D0GST 00667 00652 00759 0049 01472 0.0592 00212 00000

30022 00620 0091 00470 00069 00195 0014 0003 00149 00160 0024 OIS 00251 0026 0019 0003 00199 00423 00351 00164 00285 0.0M1 00550 00367 00303 00278 0.0466 00165 02069 01011 00182 DOIIT 0.0000

4 00M2 00301 00232 00232 00027 00006 00031 0.0029 00001 000SS 00069 00009 IIS 0.006K 0098 -00019 ONISE 00346 00333 00174 0018 00187 0226 00202 0.014S ODTIT 0.0164 00053 02459 01331 00065 00341 0.007S 00000

VI 00359 00601 00571 00405 00027 0.0129 00017 -0.0022 00052 00056 00042 0.0059 DOISY 00245 00055 00014 OOTIS 00393 0.0269 0.0166 00184 00337 00510 0.0276 0.0242 0.0262 00315 0.0079 02499 0181 00183 0.0279 0.0071 0.0085 00000

V2 00076 0.0287 00131 00077 00015 00010 00053 00078 00032 -0.0044 -0.0025 000IS DOISI 00061 00140 -0.0015 -0.0017 0039 00252 -0.0009 D003 012K 00224 D004 00170 D008 0.0120 00090 02834 01571 0013 00405 00113 0012 00035 0.0000

V3 00050 0.0212 00030 0017 00056 0.0027 00078 00055 0.0017 00067 00095 00039 00123 0027 00143 -0.0001 00062 00489 D455 0015 00112 00236 0.0291 D02 00117 09102 .016S 00106 03245 01910 0.0523 00476 0.0090 0031 00091 00050 00000

Vi 0045 00354 00436 00417 00014 00225 0.0182 00041 0.0093 00070 00266 00002 00144 00072 0.0228 00050 00150 00284 L0370 D005S 00248 DOI0S 00468 00101 0.0208 00328 00479 0.0236 02535 01589 0.0361 00476 0017 001LS 0128 0001 -0.0004 00000
MI 00700 00952 00KI4 00744 00123 00240 00244 00271 00255 0.049 00435 00370 00750 0035 00424 0.0243 00464 0.0892 055K 00166 0.0557 0.0553 00750 0.0529 0.0S38 00281 0056 00213 03214 01791 0.03S7 0.06TS 00208 OIS 0.0326 00133 0018 0.0257 00000
M2 00353 00721 00441 00364 00200 001S5 00210 00176 00364 0.0275 00404 0.0397 00840 00433 0379 00342 00378 00825 0.0672 00168 04378 00425 0.0538 0.0394 0.0421 0.0253 00403 00263 03281 0.1995 0.0356 0.0752 0.0251 00173 00296 00023 00066 0.0245 00034 00000
M3 00571 00961 0.0743 00687 00120 00320 00260 00IS3 00300 00235 00513 00427 00683 00571 00494 0035 0376 00923 D068 0016 0.0526 00SGS OOKI7 00491 00500 00308 006 00322 03448 01955 00417 0.0720 00195 00392 OIS 00167 04288 04317 OOLL2 00091 00000

M4 01314 01259 01227 01206 0.0466 0.0709 0.0665 0.0371 0.0737 0.0777 01063 0.0615 0.0925 0.0918 0.0919 0.0760 0.0784 0.087 0.1161 0.0181 0.0816 0.0767 0.1232 0.0796 0.0936 0.0983 0.1285 0.0864 03840 02319 0.1162 0.0860 0.0487 0.0794 0.0668 0.0614 0.0793 0.0213 0.0656 00527 00103 0.0000

Table 3. Pairwise Fst (genetic distance) between the collections in the Greater Mekong Subregion.

Among collections 41 599.456 0.25373Va 8.47 P<0.001
Within collections 1926 | 5283.738 2.74337Vb 91.53
Total 1967 | 5883.194 2.9971

Table 4. Analysis of molecular variance (AMOVA) for structures of Sogatella furcifera collections.

Cambodia (0.7279-0.7650), Myanmar (0.5639-0.6997), and Vietnam (0.6984-0.7236). The average He value in
China’s Yunnan populations (0.6707) was similar to those in the adjacent countries (0.6840) (P> 0.05) (Table 1).

Analyses of genetic structure within populations. The estimator of the fixation index, Fis, was signif-
icantly different in 20 of the 42 populations, demonstrating that the presence of sub-structure within the pop-
ulations was common (Table 1). In testing for deviation from mutation-drift equilibrium in BOTTLENECK,
we detected a significant heterozygosity deficit (Wilcoxon test P < 0.05) in only three populations (CY, JP, and
V3). The significant heterozygosity deficit in the three populations may result from demographic expansion'®"
because there were no significant departures from Hardy-Weinberg equilibrium (Fis) in these populations
(Table 1), suggesting that the significant deviation from mutation-drift equilibrium was not due to sub-structure
(the Wahlund effect) within these localities.

In testing the deviation from mutation-drift equilibrium in BOTTLENECK software, we did not detect a sig-
nificant heterozygosity excess in any population under the TPM or SMM models, although under the IAM model,
a significant heterozygosity excess (Wilcoxon test P < 0.05) was detected in twelve of the populations (Table 2),
indicating that these twelve populations might have experienced a genetic bottleneck.

Analyses of genetic structure among populations. When considering each pairwise Fst, 512 of 861
(59.5%) Fst values were associated with a significant exact test (Table 3). Analyses using STRUCTURE software
identified two genetic clusters overall (K=2) (Fig. 1): one cluster consisted mainly of individuals from the two
populations in Thailand (T1 and T2), and a few individuals from three of the populations from Cambodia (C1,
C2, and C3); another cluster consisted mainly of all individuals from the other 37 populations, a few of indi-
viduals from the two populations in Thailand (T1 and T2), and most individuals from the three populations in
Cambodia (C1, C2, and C3). When K= 3, the individuals from the two populations from Thailand (T1 and T2),
and a few of individuals from three of the Cambodian populations (C1, C2, and C3) could also be differentiated
from the other individuals.
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Figure 1. The structure for the microsatellite data set of Sogatella furcifera (K=2 and 3, respectively). 1, CX; 2,
MD; 3,BS; 4, MS; 5, YIJ; 6, LC; 7, XP; 8, YUJ; 9, NE; 10, MH; 11, SJ; 12, GM; 13, CY; 14, SZ; 15, KY; 16, YS; 17,
FN; 18, JP; 19, SM; 20, ZY; 21, L1; 22, L2; 23, L3; 24, L4; 25,1.5; 26, L6; 27, L7; 28, L8; 29, T'1; 30, T2; 31, C1; 32,
C2; 33, C3; 34, C4; 35, V1; 36, V2; 37, V3; 38, V4; 39, M1; 40, M2; 41, M3; 42, M4.
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Figure 2. Relationship between genetic distance and log of geographical distance for pairwise population
comparisons. *The line represents the regression line and circles represent the logarithm transformation of
distance.

The Mantel test results produced an r value of 0.0807 for microsatellite alleles (P = 0.8810) (Fig. 2), indicating
that no correlations were found between genetic distance and geographical distance among the populations of
the WBPH in the GMS countries, indicating that extensive gene flow exists among these WBPH populations.

Significant genetic structure of the WBPH was observed at two hierarchical levels (among populations and
within populations) (Table 4). Most of the variation was at the within populations level (91.53%). Although the
variation among populations (8.47%, P < 0.01) was small, it was significant. These results demonstrated that the
variations of genetic differentiation in the WBPH are mainly from inter-populations.

Gene flow based on microsatellite data. Based on microsatellite data, the average values of the numbers
of migrants in the different countries were similar except in Thailand (Table 5). In China’s Yunnan Province, the
average number of migrants was the highest in southern Yunnan, while the lowest numbers were found in the
western region; this is similar to previously published results based on mitochondrial COI data’. In Cambodia,
Laos, Myanmar (Burma) and Vietnam, the total migrants (Nem) ranged from 883.4 (L1) to 3322.1(M4). A high
numbers of total migrants (Nem > 1000) were found in several populations, including L2, L4-L7 of Laos, C1,
C3-C4 of Cambodia, V1-V4 in Vietnam, and M1-M4 of Myanmar, while, Thailand had the lowest number of total
migrants, i.e., T1 (Nem =685.9), T2 (Nem = 807.7). In Yunnan Province, the total migrants (Nem) ranged from
591.5 (CX) to 1224.5 (YU]J). A total of 7 populations had a high numbers of migrants (Nem > 1000), including
MD in western Yunnan (Nem = 1020.0), YUJ and SM in central Yunnan (Nem = 1224.5 and1176.0, respectively),
GM in southwestern Yunnan (Nem =1182.1), SZ in northeastern Yunnan (Nem =1012.5), FN in southeastern
Yunnan (Nem =1207.1), JP in southern Yunnan (Nem = 1160.2). Within the province, the number of migrants
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Table 5. Numbers of effective migrants per generation (N, m) of Sogatella furciferain the Greater Mekong
Subregion. ©: mutation-scaled population size, which is effective population size x mutation rate per site per
generation; M: mutation-scaled immigration rate, which is the immigration rate divided by the mutation rate.

was the highest in the southeastern region (YS and FN) (average Nem =1071.9), and the lowest in central Yunnan
(CX,SM,XP, and YU]) (average Nem = 885.3).

Discussion

Evidence for extensive gene flow in the WBPH within the GMS.  This study showed that the level
of the genetic diversity in most populations originating from different countries was similar, suggesting that
extensive gene flow occurs between the WBPH populations within the GMS. The heterozygosity deficit is used
to test for population expansion, whereas the heterozygosity excess test is used to provide evidence of a genetic
bottleneck. In this study, only three populations from Chinas Yunnan Province had a significant heterozygosity
deficit. The results in testing the heterozygosity excess were completely inconsistent under the TPM, SMM, and
IAM models. Di Rienzo et al. showed that most microsatellites fit TPM better than SMM or IAM?. Based on the
TPM model, there is no significant heterozygosity excess in any of the tested populations, which suggests that no
severe bottleneck effects exist in the GMS populations. Our study indicate that bottleneck effects have not played
an essential role during the genetic differentiation of the WBPH. This may be due to the bottleneck effects on
heterozygosity being transient and observable for only a few generations?'.

Migration sources of the WBPH within the GMS.  The extensive gene flow between WBPH populations
within the GMS is consistent with our previous study’ showing that there are multiple immigration sources
of the WBPH in China’s Yunnan Province including Myanmar, Vietnam, Laos, and Cambodia. Although the
populations from central Thailand (T1 and T2 populations) were shown to have an extensive gene flow in this
study, both had limited gene flow with neighboring countries, limiting the probability of immigration of these
populations into China’s Yunnan Province. These results support previous results based on the trajectory analyses
methods'>?>% that the populations in central Thailand would be incapable of immigrating to Yunnan due to the
lack of sufficient wind currents, incorrect wind direction and the excessive distance involved, although gene flow
with the populations in Vietnam, Laos, and Cambodia would be possible?.

The Cambodian populations (C1-C3 populations, especially C2) do have a limited gene flow with those from
central Thailand but have extensive gene flows with other populations from other countries in the GMS. Our
previous study showed that the specific mtCOI haplotype from Cambodia is only found outside the country
in China’s Yunnan Province (BS and GM populations). The extensive nuclear gene flow also substantiates the
probable occurrence. However, the trajectory analyses methods demonstrated that the emigrant population from
Cambodia would not be able to migrate to Yunnan Province?. The immigration of the WBPH individuals from
Cambodia into Chinas Yunnan may be indirect from Vietnam or Laos, which have extensive gene flow with those
in Cambodia. Whether the immigration of WBPH from Cambodia into China’s Yunnan is direct or/and indirect
remains to be determined.

Future research on the source population of S. furcifera within the GMS.  The immigration sources
and patterns of the WBPH as demonstrated by mitochondrial and nuclear markers are helpful in devising future,
sustainable, regional management programs for this important pest in the GMS. However, the genetic basis for
the migration should be further explored, including the influence of such factors as wing polyphenism?*?. For
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Regions Code | Location Longitude | Latitude | Elevation (meter) Date*
South Yunnan, China JP Jinping, Yunnan N22.8 E103.2 1349 June 10
KY Kaiyuan, Yunnan N23.5 E103.3 1305.9 June 10
Southeast Yunnan, China YS Yanshan, Yunnan N23.6 E104.3 1579 June 9
FN Funing, Yunnan N23.6 E105.6 680 June 10
MD Midu, Yunnan N25.3 E100.4 1653 June 27
BS Baoshan, Yunnan N25.0 E99.1 1699.9 June 26
‘West Yunnan, China MS Mangshi, Yunnan N24.3 E98.4 851.2 June 27
YIJ Yingjiang, Yunnan N24.7 E97.9 1682 June 30
LC LongChuan, Yunnan N24.1 E97.7 953 May 27
NE Ninger, Yunnan N23.0 E101.0 1312.9 June 16
MH Menghai, Yunnan N21.9 E100.4 1230 May 15
Southwest Yunnan, China | SJ Shuangjiang, Yunnan N23.4 E99.8 1063 July 10
GM Gengma, Yunnan N23.5 E99.3 1116 July 10
CY Cangyuan, Yunnan N23.1 E99.2 1444 June 4
CX Chuxiong, Yunnan N25.0 E101.4 1812.8 June 26
Central Yunnan, China SM Songming, Yunnan N25.3 E103.0 1875.9 July 3
XP Xinping, Yunnan N24.0 E101.9 1502.2 June 17
YUJ Yuanjiang, Yunnan N23.7 E102.0 1202.7 June 17
Northeast Yunnan, China Y Zhaoyang, Yunnan N27.3 E103.7 1907 July 10
SZ Shizong, Yunnan N24.6 E1042.9 951 June 14
L1 Hadsayphong District, Vientiane Capital City N18.2 E102.5 128 March 18
12 Thaphabad District, Bolikhamxay Province N18.4 E103.2 128 March 19
L3 Bolikhan District, Bolikhamxay Province N18.3 E103.6 128 March 19
L4 Hinboun District, Khammouane Province N17.7 E104.5 130 March 20
Laos L5 Vapee District, Saravanh Province N15.6 E105.9 120 March 21
L6 Saravanh District, Saravanh Province N15.6 E106.3 223 March 21
L7 Vapee District, Saravan Province NI15.6 E105.9 119 March 21
L8 Songkhone District, Savonakhet Province N16.2 E105.2 115 March 22
. T1 Nakhon Chum District, Kamphaeng Phet Province N16.4 E99.4 53 May 14
Thailand T2 Bang Len district, Nakhon Pathom Province N14.0 E100.2 —11 May 15
C1 Sangkat Prateahlang, Khan Dangkor, Phnom penh N11.4 E103.2 14 March 24
C2 Sangkat Dangkor, Khan Dangkor, Phnom penh N11.5 E104.9 12 March 24
Cambodia
C3 Stoung District, Kampoug Thom Province N13.0 E104.5 10 March 27
C4 Aek Phnum District Battambang Province N13.3 E103.6 7 March 27
V1 Xuan Linh Commune, Nghi Xuan District, Ha Tinh Province | N18.5 E105.7 10 April 16
. V2 Quang Ninh District, Quang Binh Province N17.4 E106.6 10 April 17
Vietam V3 Phong An Commune, Phong Dien District, Hue Province N16.5 E107.3 4.8 April 17
V4 Phu Loc District, Hue City N16.3 E107.7 1.4 April 18
M1 Begayet, Ayeyarwady region N16.8 E94.8 5.5 August 18
Myanmar M2 Pathwe, Ayeyarwady region N17.0 E95.2 2.8 August 19
M3 Kali, Bago region N17.3 E96.5 25 August 20
M4 Kanbaukkyi, Bago region N18.9 E96.3 60 August 20

Table 6. Population data of Sogatella furcifera populations in the Greater Mekong Subregion (GMS)during
2014-2015. “all samples were collected in 2014 except those in Myanmar were collected in 2015.

example, Xu et al. showed that two insulin receptors in the migratory brown planthopper (Nilaparvata lugens)
(Stél) (Hemiptera: Delphacidae) play an important role in controlling long versus short wing development®, pro-
viding the first evidence of a molecular basis for the regulation of wing polyphenism in insects. We had elucidated
the genetic diversity of the WBPH in the GMS countries based on mtCOI and SSR markers. In future studies, it
will be necessary to analyze the reliability and significance of these molecular markers relative to their consistency
with WBPH biological data. With the exception of the molecular markers, the genome difference and transcrip-
tome analyses also should be considered in a followup study. Although the 42 populations that were collected
from the GMS countries help to explain the genetic diversity within somewhat limited areas, additional popula-
tions from different regions and from different seasonal occurrence in the GMS should be collected and analyzed
in future studies. Additional attention needs to also be paid to more widely distributed populations, such as those
from Malaysia, Indonesia, the Philippines, Bangladesh, Pakistan, India and other known occurrences of S. furcif-
era within Asia and outside of Asia to further explore and clarify the source population of S. furcifera in the GMS.
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Code Motif Primer sequences Tm (°C) | Size(bp)
KJ6 (AT)10 F:CAATGGCTGCTTTGATCC R:AACCTCGTCAACAGTCTGTATT 54 298
KJ7 (CGA)5 F:CGCCCGTTCCAATCAATC R:AGGGTCGGTGGGACAAGA 50 212
KJ14 (GTT)6 F:ATGACGCTTCAACACCCA R:AACAAGGCCAAACGAGAc 54 357
KJ16 (AG)10 F:GGATTACTGGATTCGTGCTA R:ACCCTGCTCTAGTCATCTTT 56 271
KJj17 (TGT)7 F:CGCCCGTTCCAATCAATC R:AGGGTCGGTGGGACAAGA 56 186
AGI18 AATA)5 F:ACCCGAGCGACCTGATAG R:GCAACCGTTGGACCATTA 59 212
AG25 (TG)7 F:GGGCTGACTGACAAACAT R:CCTCACAGGCACTACACC 56 178
AG35 (TC)10 F:GTTGTGGTGGCGGGCTTAG R:ACAGGCGCTTGAGGATGA 59 160
AG55 (AC)7 F:GACATTGCCCTCGCTTGA R:CTGGACCAACGATGGAACAT 56 127

Table 7. Sequence of microsatellite primers designed in this study.

Conclusions

Based on the nuclear (microsatellite) markers, the analysis of the genetic diversity, heterozygosity deficit, and
heterozygosity excess suggested that there is extensive gene flow between the WBPH populations in the GMS. The
genetic structure confirmed the immigration sources of the WBPH as revealed by mitochondrial markers. There
is a certain gene flow between the populations in Thailand and Cambodia. It should be further explored whether
the immigration of WBPH from Cambodia into China’s Yunnan Province is direct or/and indirect. These results
will be helpful to the sustainable regional management of this insect pest in the GMS.

Materials and Methods

Field sampling and DNA extraction. Adult WBPH samples were collected from 42 locations in the
GMS during 2014-2015 (Table 6). The samples included 20 populations from China’s Yunnan Province, four
from Vietnam, eight from Laos, two from Thailand, four from Cambodia, and four from Myanmar. The speci-
mens were fixed in 95% ethanol and stored at —20°C until DNA was extracted. Genomic DNA was individually
extracted from each adult planthopper using the DNAzol kit (Molecular Research Center, Inc., Cincinnati, OH)
and stored at —20°C.

Microsatellite genotyping and genetic diversity based on microsatellite data. Nine pairs of
fluorescent-labeled polymorphic microsatellite primers (KJ6, KJ7, KJ14, KJ16, KJ17, KJ18, KJ25, KJ35, and KJ55)
(Table 7) were screened from 40 pairs of newly designed primers based on the WBPH microsatellite sequences in
GenBank (until November 11, 2014) and were then used to amplify the loci using WBPH DNA as the template.
The primers and the annealing temperature are described in Table 2. The PCR reactions were performed in 20 pL
of a solution containing 2 pL 10 x buffer, 1.5 mM MgCl,, 0.2 pM dNTPs, 1 unit Taq DNA polymerase, 2 L template
DNA, and 0.2 pM of each primer. PCR amplification was carried out as follows: initial denaturation at 94 °C for
4 min, followed by 35 cycles of 30s at 94°C, 90s at the primer-specific annealing temperature (Table 1) and 60's
at 72°C, and a final elongation step at 72°C for 30 min. The products were run on an ABI 3730xl DNA analyzer
(Sangon, ShangHai, China) and the allele size was determined by comparing the mobility of the PCR products to the
GeneScan™ 400HD size standard using GeneMapper software version 3.2 (Applied Biosystems, ShangHai, China).

Based on the microsatellite alleles, the average number of alleles per locus (Na), the effective number of alleles
(Ne), the observed heterozygosity (Ho), the expected heterozygosity (He), and Nef’s expected heterozygosity (Nei)
of each of the 42 WBPH populations were calculated using POPGENE v.1.31%. The estimator of the fixation
index, Fis, was performed to detect deviation from neutrality using GENEPOP v.4.2%”. Wilcoxon test P value
for heterozygosity deficit compared to expectations at mutation-drift equilibrium (Pwil) was calculated using
ARLEQUIN v.3.5 software®.

Analyses of genetic structure within populations based on microsatellite data. Deviation of the
mutation-drift equilibrium in each population was tested using the BOTTLENECK software'®. The heterozygo-
sity deficit was evaluated using the Wilcoxon test under the two-phase mutation model (TPM) recommended for
microsatellite data?®. The possibility of bottleneck events within each of the 42 populations was examined under
three mutation models [Two Phase Mutation Model (TPM), Infinite Allele Model (IAM), and Stepwise Mutation
Model (SMM)], respectively'®?’. The TPM model was used with default settings of 30% and SMM model, 70%,
respectively.

Analyses of genetic structure among populations based on microsatellite data. The traditional
population differentiation approach, Weir and Cockerham’s estimator of the fixation index Fst*’, was calculated
using GENEPOP v.3.4 software?. The correlation between genetic differentiation and geographic distance was
examined by Mantel test using IBDWS v.3.15 software?®. The distribution of genetic variation was investigated by
the analysis of molecular variance (AMOVA) using ARLEQUIN v.3.5 software?®, and by calculating allelic diver-
sity, heterozygosity, and pairwise values of Fst among the 42 populations. The genetic clustering of samples were
examined using STRUCTURE v.2.3.2 software®, using the Bayesian clustering approach with a burn-in period of
50,000 iterations and one million Markov chain Monte Carlo (MCMC) repetitions under the admixture ancestry
model. Twenty independent runs were performed for each testing K value, ranging from K=1 to 42, and AK was
used to calculate the optimal number of genetic clusters (K)*'.
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Gene flow analysis based on microsatellite data. To evaluate the dispersal of the WBPH between the
populations in the GMS, the effective numbers of migrants per generation N,m was calculated using microsatel-
lited data respectively. N,m is OM (© = N, i, where i is the mutation rate per site per generation; M = m/, where
m is the migration rate) calculated using Bayesian search strategies in MIGRATE v. 3.2.16%.
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