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Figure 2 Heterosis group classification of 230 maize inbred lines. (a) Phylogenetic tree base on neighbor-joining; (b) scatter plot based on principal
coordinate analysis; (c) 4K line chart based on Structure Harvester; (d) population structure bar chart based on Structure while K equals to 9
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Figure 3 Descriptive statistics of the first generation virtual hybrids score of different patterns in the weight library of heterosis patterns. The
histogram in the upper right corner is the frequency distribution of the virtual progeny score designed to correspond to the heterosis patterns. The
horizontal axis represents the score intervals of the heterosis pattern, and the vertical axis represents the number of samples that appear in each interval.
The values on the diagonal are the accuracy of the heterosis groups in their designed heterosis patterns. The values in the lower left corner are the mean
and standard deviations of the virtual progeny scores designed for their heterosis patterns
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Table 1 The accuracy rates of three judgment rules in indentifying the heterosis patterns of first generation virtual hybirds

ZeFh A FRI) — FR — Fom = ZeR A Fom— ) — FRI) =
PREXXHE 1.000 0.968 0.717 REBIIRERR 0.319 0.398 0.817
PHEIR G HF1 0.702 0.784 0.714 2RI R A AL 0.455 0.519 0.901
PHEIR G2 0.547 0.612 0.721 2RO IR A2 0.272 0.367 0.850

PHEx 22 RETR 0.726 0.777 0.702 = RETREE iR R LB R 0.408 0.532 0.812
P KL 1 0.729 0.816 0.670 22 RITRERE R DU SR 0.668 0.710 0.757
PHEIE PP 0.990 0.958 0.664 IRRELBHIR G 0.443 0.536 0.851
XHEIRAHEL 0.826 0.864 0.773 RRLLBHEIR G2 0.336 0.450 0.778
XEEIRA T2 0.605 0.732 0.727 i AR s IR 0.801 0.843 0.648

XA 2= AR R 0.796 0.824 0.677 BB <PHE 0.844 0.888 0.671
XPEGiR LB TE 0.727 0.818 0.705 B (< X 0.855 0.888 0.727
XA DU S BE 1.000 0.961 0.694 B PR < U R B 0.794 0.843 0.619

R A< PR 0.993 0.983 0.554 HfE < IR A 0.407 0.513 0.795

R B TR XHE 0.979 0.951 0.608 B R A2 0.284 0.366 0.741

YR BRI A 0.675 0.731 0.675 B = 2 R 0.567 0.660 0.803
YR BT RE R A2 0.531 0.615 0.694 B fE il R LB A 0.586 0.679 0.737
LR B LRI 0.643 0.710 0.670 B PR < 3 O3k 1 0.766 0.810 0.692
B R B PEREOR LT B 0.649 0.797 0.625 I UK R A T T 0.751 0.788 0.732
R B PR 07 Sk A 0.960 0.951 0.615 5D SL R A T2 0.533 0.613 0.710
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Figure 4 Heterosis patterns based on the pure molecular marker method and neighbor-joining phylogenetic tree grouping of 335 maize hybrids.
(a) Number of varieties with different heterosis patterns; (b) phylogenetic tree topology diagram and corresponding heterosis patterns, where the two
outer color circles represent the two heterosis groups of the parents of the varieties of the corresponding tree branches obtained by the pure molecular
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Figure 5 Scatter plot of 335 maize hybrids based on principal coordinate analysis and their corresponding heterosis patterns based on pure molecular
marker method. (a) Scatter plot for first and second coordinates; (b) scatter plot for first and third coordinates
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Single-cross hybrids are the main maize variety types in national and provincial authorization. As the reflection of the
genetic background of maize varieties, the heterosis pattern of single-cross hybrids can only be identified from either their
pedigree or the heterosis group classification of their parental inbred lines for a long time. When the commercial breeding
era comes with modern agriculture, the traditional heterosis pattern detection method has encountered with difficulties such
as unknown pedigree information or confidential parental inbred lines. Therefore, this study presented a heterosis pattern
detection method purely based on molecular marker technology (referred to as “the pure molecular marker method”),
which is capable of detecting the heterosis groups of two parents of the single-cross hybrid by analyzing its DNA
fingerprint, with no pedigree information ever needed. Firstly, we screened out the control inbred lines and classified the
heterosis groups. Secondly, we used virtual hybridization of the control inbred lines to construct the heterosis pattern
weight table and then determined the confidence threshold of each heterosis pattern. Finally, we decided the heterosis
pattern of the variety according to the DNA fingerprints of the maize single-cross hybrids. The results showed that
(1) through cross-verification by three cluster methods, a training inbred line library with 230 commonly used inbred lines
was proved to contain 9 heterosis groups, i.e. Tangsipingtou (Huangzaosi improved lines), X, Lvda red cob, P, Lancaster,
Reid, Improved Reid, Mixed 1 and Mixed 2; (2) a heterosis pattern weight table composed of 36 patterns was constructed,
where the decision accuracy could be improved by using the confidence threshold of each pattern as the criterion rule, due
to the fact that the rating of each pattern has shown quite different distribution; (3) 335 national authorized varieties were
selected for method validation, and it was found that the results of the pure molecular marker method were not only
consistent with 77.7% results of the genealogy-combined molecular marker method, but also coincide with the group
results of the phylogenetic tree in terms of parent group aggregation and parental composite pattern aggregation. (4) The
most commonly used heterosis patterns (regardless of reciprocal crosses) in nationally authorized maize varieties from
2000 to 2013 were Improved ReidxTangsipingtou, Improved ReidxP, and PxLvda red cob, with the Improved
ReidxTangsipingtou pattern most widely planted in 2017. This study provides an objective, simple, and effective analysis
method to acquire the genetic background of the maize single-cross hybrids, which not only helps to accurately promote the
cultivated varieties and assess their genetic diversity but also plays a significant role in ensuring national food security.

maize, single-cross hybrids, simple sequence repeat marker, heterosis group, heterosis pattern
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