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Abstract

Spider mites are some of the most important agricultural pests worldwide, jeopardizing maize production across many
continents. However, mechanisms of resistance to spider mite in maize remain unclear. Here, we report data from resistant
and susceptible maize varieties, Jingke968 and Xianyu335 along with their parental lines, and investigate their responses to
Tetranychus urticae (Acari: Tetranychidae). A significantly lower female adult mite population and total mite numbers were
recorded in the resistant variety, Jingke968, compared to Xianyu335. Similarly, mite fecundity on Jingke968 was substantially
lower compared to Xianyu335, which could be associated with its highly resistant parental line Jing92. Stomatal dimensions
also showed a close correlation with the fitness of spider mites on the two maize varieties and four parental lines. Tetranychus
urticae population numbers under field conditions showed lower mite densities (numbers per plant) in Jingke968 and Jing92
(75% and 89% lower, respectively) than the most sensitive line PH6WC, hinting toward a high level of resistance to spider
mites in these maize lines. Our study provides new insights for mechanisms of physical defense to spider mites in maize and
contributed to the basis for pest control and breeding of maize varieties.
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Introduction

Modern breeding efforts have resulted in a significant
increase in maize yields (Zea mays L.), making it one of
the most important crops in the world (Calderon-Vazquez
et al. 2008; Duvick 2005; Jiao et al. 2012). However, maize
Communicated by Cesar Rodriguez-Saona. is threatened by the infestation of insects and other herbi-
vores worldwide (Karjagi et al. 2017). Spider mites (Acari:
Tetranychidae) such as Tetranychus urticae Koch, T. cin-
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for spider mites is pesticide (acaricide) application but
their effectiveness is reduced because of increasing resist-
ance (Dermauw et al. 2013; Xu et al. 2018, 2023), and
pesticides are also known to have multiple side effects
on non-target arthropods (Desneux et al. 2007). In addi-
tion to chemical insecticides, transgenic crops expressing
Bacillus thuringiensis (Bt) toxins have been tested and
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are reported to be effectively against many lepidopteran
and coleopteran pests (Betz et al. 2000; Wu et al. 2008;
Zhu et al. 2022), but they are not effective against non-
target pests such as spider mites and aphids (Dutton et al.
2004; Ramirez-Romero et al. 2008; Li and Romeis 2010).
The release of natural enemies could be an effective alter-
native to chemical pesticides but the high costs of such
biological control agents, as well as their environmental
requirements, currently prevent their wide scale adoption
in cropping systems (Parolin et al. 2013; Jactel et al. 2019;
Loomans 2021; Verheggen et al. 2022). The development
of pest resistant maize varieties is therefore a particularly
safe, economical and effective approach to overall pest
management (Karjagi et al. 2017).

Plants have established a variety of defense mecha-
nisms to resist pests during the process of their coevo-
lution with herbivores (Ramawat and Goyal 2020). The
resistance mechanisms in plants against herbivores can
be categorized into three types: antixenosis, antibiosis and
tolerance (Sulistyo and Inayati 2016). Antixenosis influ-
ences the behavior of pests and directs them away from the
host, whereas antibiosis affects their biology and results in
detrimental effects on herbivores, for example, increased
mortality and reduced reproduction (Peterson et al. 2017).
Tolerance does not alter host—pest relationships, but refers
to the ability to withstand or recover from pest damage
through physiological regulations and adjustments of
plants (Koch et al. 2016).

Physical traits play an important role in herbivore resist-
ance (Carmona et al. 2011) with leaf thickness, trichome
density and stomatal density all influencing pest feeding
behavior and damage (Agrawal 1998; Carmona et al. 2011;
Stavrinides and Skirvin 2003). For example, trichome den-
sity can affect the movement of mites; however, they can
also offer attachments to prevent mites shedding from the
leaf surface (Nihoul 1993) and provide shelter to avoid
predators (Yin et al. 2022). Stomata are exploited as one
of the feeding routes by spider mites, so higher stomatal
density typically results in higher mite fitness (Skorupska
1998).

Jingke968 (JK968) and Xianyu335 (XY335) are two of
the most commonly planted maize varieties in China, and
their parental lines have completely different genetic back-
grounds (Chen et al. 2022a). Previous studies have docu-
mented that JK968 exhibits stronger mite resistance than
XY335 in the field (Chen et al. 2022b) although the specific
mechanism of mite resistance in JK968 remains unclear. The
objectives of the present study were to: (1) determine the
differences of T. urticae population and fecundity on JK968/
XY335 and their parental lines; (2) elaborate on the effects
of physical traits of maize leaves on the fitness of T urticae;
and (3) describe the relationship between spider mite resist-
ance among hybrids and their parental lines.

@ Springer

Materials and methods
Plants and insects
Maize materials

All maize seeds were obtained from Beijing Key Laboratory
of Maize DNA Fingerprinting and Molecular Breeding at
the Beijing Academy of Agriculture and Forestry Sciences
(BAAFS, Beijing, China). Seeds were sterilized by soaking
in 75% ethanol for 20 s (Beijing Tong Guang Fine Chemicals
Company, China), rinsed twice in distilled water, soaked
in distilled water for 24 h and germinated on a wet filter
paper in a growth incubator (MH351, Sanyo, Japan) set to
27+1°C,40+5% RH, 16:8 L:D photoperiod, 3000 lux fluo-
rescent light. Maize lines and their relationship are shown
in Table 1. Germinated seeds were transferred into plastic
pots (15 cm diameter, 15 cm height) with matrix soil (Pin-
dstrup Mosebrug A/S, Denmark) and vermiculite (volume
ratio=3:1) in an incubator. The plants were used for assays
at the V3 stage, a stage with three visible collared leaves.

Mite rearing

Two hundred females and 200 males of T. urticae were
collected from the colony at the Laboratory of Applied
Entomology, Institute of Plant and Environment Protection
(IPEP) and BAAFS. The mites were reared on common bean
(Phaseolus vulgaris L.) plants to establish a new colony in
insect cages (60 cm X 60 cm X 60 cm) made of 120 mesh net
(bore diameter 0.125 mm) in a growth chamber as described
above. Sufficient fresh host plants were supplied to maintain
the colony by adding new bean plants every 10 days. To
obtain female adults at the same age, the following treat-
ments were undertaken. A sponge, 6 cm diameter and 2 mm
thickness, was placed in a 9 cm plastic Petri dish. Afterward,
a whole fresh kidney bean leaf (approx. 30 cm?) was placed
on the sponge and surrounded by absorbent cotton along the
edges of the leaves. Distilled water was applied to the Petri
dish using a plastic dropper to maintain moisture on the cot-
ton and prevent the mite from escaping. Ten female adults
from the colony were transferred to the leaves, and the Petri
dishes were transferred to the incubator. (The condition was
the same as described above.) Female adults were allowed
to oviposit for 24 h and were subsequently removed. Then,

Table 1 The genetic relationship between different maize lines

Maize varieties Female parent Male parent

Jingke968 (JK968) (resistant)
Xianyu335 (XY335) (sensitive)

Jing724 (J724)
PHO6WC

Jing92 (J92)
PHACV
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the eggs were allowed to develop for about 5 days in the
same Petri dish until they hatch. The newly hatched nymphs
were carefully transferred to new Petri dishes separately and
reared until emergence for about 4 days, and newly emerged
females and males aged within 2 days were selected. The
selected females and males were then reared for another day.
After which 10 females and 10 males in good viability were
paired in a Petri dish and allowed to mate for 24 h, then
mated females were randomly chosen for use.

Laboratory evaluation of Tetranychus urticae total
and female adult population numbers on JK968/
XY335 and their parental lines

Six plants of each maize variety at similar height (V3 stage)
were selected for the experiments. Forty mated female mites
4-5 days were gently transferred to each plant with a brush.
To prevent mites from escaping and migrating among the
different plants, each plant was covered by a cage made of
a transparent cylindrical plastic screen (14 cm diameter,
60.0 cm height). The top of the cylindrical cage was cov-
ered with 120 mesh net, and the bottom was plugged into the
soil (approximate depth of 1 cm). The numbers of mites on
each plant were counted and recorded everyday for 25 days
using a hand magnifier. The assay was conducted in growth
incubators as described above. The observations were cat-
egorized into 5 stages, after 5 days each based on the mite
population growth tendency.

The method for evaluating female mite population num-
bers was the same as above with only numbers of female
adults recorded. The number of female adults were counted
and recorded everyday for 30 days, and the replication num-
ber for each line was 6. The observations were categorized
into 6 stages based on the female mite population growth
tendency (every 5 days each).

Fecundity of T. urticae on various maize lines

The assay was undertaken using leaf discs (1 cm?) placed
on a sponge (4 cm diameter, 2 mm thick) in Petri dishes
(5.5 cm diameter). Leaf discs were obtained from the third
leaf of 3-leaf-stage plants using a hole puncher and one Petri
dish contained one leaf disc; one female adult mite aged
4-5 days was placed on each leaf disc. To keep the leaves
fresh and prevent mites escaping, distilled water was added
to the sponge to maintain moisture. Petri dishes were main-
tained in the incubator (conditions as described above) and
the number of eggs recorded at 24 h and 48 h after infesta-
tion with the mites, after which female adults were removed
to prevent further oviposition. After 5 days, the number of
hatched eggs were checked and recorded. The number of
replicates for each maize variety was 12—18.
Hatching rate and fecundity were calculated as follows:

Hatching rate = Number of hatched larvae/total egg number x 100%
Fecundity = Number of eggs X hatching rate

Leaf tissue structures of different maize lines

To measure leaf thickness, stomatal density and stomatal
size, the middle part of the second leaf of the V3 stage was
used. Leaf thickness was determined under optical micro-
scope using the paraffin section technique (Atkinson and
Wells 2017). Stomatal density and size on the adaxial and
abaxial section of the leaf were photographed by scanning
electron microscope (SU8100, HITACHI, Japan), and 10
fields were measured for each line. The stomatal number was
counted in a 1-mm? field to determine stomatal density with
6 replicate plants for each line with 6 replicates performed
for each line.

Field population numbers of T. urticae

Analyses of the field numbers of T. urticae were conducted
at the experimental site of Seven Star Apple Cooperative in
Changping district, Beijing (E116° 23’ 09", N40° 10" 42").
Six maize inbred lines (same lines as in the laboratory eval-
uation) were planted in May 2020. Four square blocks of
56.25 m? were established, each divided into 9 small square
plots of 6.25 m?. Test blocks were covered with a 40-mesh
insect-proof netting (7.5 m X 3.5 m) to avoid mite escaping
and environmental impacts, such as strong wind and heavy
rain. Each maize line was planted randomly in the small
square plots except for the middle one, and the remaining 3
plots were left empty as a blank control. A total of 40 plants
were planted in one plot with plant spacing of 0.3 m and
row spacing of 0.6 m. No insecticides were applied through-
out the experiment. Fifty female adults aged younger than
10 days of T. urticae were transferred onto each maize plant
as previously described (Kamali et al. 1989) at 14 leaf collar
maize phenological stage (V14). The numbers of T. urticae
on all leaves of 5 maize plants were examined every 5 days
following a 5-point sampling method (the disparate chias-
mata was first determined as the central sampling point, and
then two points on each diagonal line with the same distance
from the central sample point were selected as the remaining
sample points) in each plot. To avoid marginal effects, the
outermost plants in each plot were not included. The field
experiment ceased when maize grain entered the dehydra-
tion phase because the damage of T. urticae would not cause
yield loss after that time (Archer et al. 1997).

Statistical analysis

All analyses were undertaken using R 4.0.2 software (R
Development Core Team 2020). For counting mite numbers,
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the observations were categorized into 5 stages, after 5 days
each and the daily average amount of mites at each stage
were calculated. We performed generalized linear models
(GLMs: ‘glm’ function (‘stats’ package)) to clarify the linear
or nonlinear relationship between the response variables,
and the model was fitted with a Poisson distribution. We
first ran the full model, which included all fixed effects and
subsequently removed all non-significant effects by stepwise
model selection (Akaike information criterion: AIC).

The data of daily average amount of total mites and
data of the field population numbers were transformed by
lg(x+ 1) to fit of the model. One-way ANOVA was used to
compare the difference of mite density and field population
numbers among these six maize lines fitted with ‘aov’ func-
tion, and the post hoc analysis Tukey’s HSD was performed
with ‘Tukey HSD,” with both functions being available in
the ‘stats’ package. The 24 h egg number, 48 h egg number,
hatching rate and 48 h fecundity differences on different
maize varieties were analyzed using one-way ANOVA with
the package ‘stats’ and Duncan’s multiple range test with the
package ‘agricolae’. Leaf thickness, stomatal density and
stomatal size across different maize lines were also analyzed
using one-way ANOVA (Duncan’s test).

To analyze the correlation between physical characteris-
tics of maize leaves and mite resistance, we divided all data
into mite resistance indices (including daily average number
of mites, daily average number of female adult mites, 24 h
egg number, 48 h egg number, hatching rate and 48 h fecun-
dity) and leaf tissue structures indices (including adaxial
stomatal length, adaxial stomatal width, adaxial stomatal
density and leaf thickness). PCA of mite resistance indices
and leaf tissue structure indices was conducted using the
‘pca’ function. Further, the Spearman correlation between
each of the two variables was conducted using ‘corr.test’
function in the ‘psych’ package.

Results

Tetranychus urticae population development
on JK968/XY335 and their parents

Fifteen days after feeding, substantial lesions were observed
on the leaves of XY335 and its parental lines (PH6WC and
PH4CV) (Fig. S1), whereas JK968 and its parental lines
(J724 and J92) exhibited fewer lesions. The interaction
between stage and maize lines was significant on the total
number of T. urticae (Z=-17.769, P<0.001). The num-
ber of mites on the parental lines of XY335, PH6WC and
PH4CYV was substantially elevated with increase in incuba-
tion time, whereas it remained low across 25 days of incu-
bation in other tested lines. The female adult number of T.
urticae per plant peaked after 11-15 days (Fig. 1B) with the
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exception of JK968 and its paternal line, J92, in which the
peak occurred after 15-20 days with relatively low absolute
numbers and decreased thereafter. The effect of maize lines
on number of female adult mites was significantly different
(P <0.05 for all stages), being highest on PH6WC followed
by PH4CV, J724, XY335, JK968 and J92, respectively. The
limited and delayed development of female adults in JK968
and J92 further indicates a more robust resistance to spider
mites in these two lines.

Furthermore, the daily average number of mites showed
similar patterns between genotype, with the lowest recorded
on J92 and highest on pH6WC (Fig. 1C, D). One-way
ANOVA indicated significant differences among total mite
numbers (F=100.7; df=5, 30; P <0.001) and female adult
numbers (F=8.527; df=5, 30; P <0.001) in different maize
lines. There was no significant difference in the number of
female adult mites between JK968 and XY335 (P=0.956),
but the total number of mites on XY335 was significantly
higher than JK968 (P < 0.001).

Fecundity of Tetranychus urticae on different maize
lines

There were significant differences in 24 h egg num-
ber (F=15.460, df=5, P<0.001), 48 h egg number
(F=28.710, df =5, P<0.001), hatching rate (F=6.1230,
df=5, P<0.001) and the 48 h fecundity (F=32.620, df =5,
P <0.001) between different maize lines (Fig. 1E-H). These
parameters were all greatest on PHOWC and significantly
lower on JK968 and J92, indicating that mite fecundity was
substantially compromised on the latter two lines.

Leaf structures and their relationship with mite
resistance

To investigate the relationship between certain leaf physical
characteristics and mite resistance, stomatal size, stomatal
density and leaf thickness were measured. These all revealed
significant differences between maize lines (Fig. 2). J92
exhibited the smallest stomatal length on both the abaxial
and adaxial side of the leaves, whereas J724 was the small-
est in stomatal width and density on both leaf sides. Con-
trary to these results, stomatal length, width and density of
XY335 were generally higher than those of JK968 except
for the density on the abaxial side, and such differences may
be inherited from their parental lines, since J92 and J724
exhibited the lowest stomatal length and the least stomatal
width and density, respectively. Additionally, leaf thickness
of X'Y335 was significantly lower than JK968.

To further explore the effect of leaf physical features on
mite resistance, a principal component analysis (PCA) was
performed. It revealed that stomatal length was positively
correlated with all resistance indicators of mites, whereas
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leaf thickness was negatively correlated with those indi-
cators (Fig. 3). Stomatal width and stomatal density were
positively correlated with total number of mites and female
adult mite. Additionally, all mite resistance indicators were
positively correlated with each other. These results were
consistent with those obtained by Spearman correlation
analysis (Fig. S3). These data suggest that the higher resist-
ance to spider mite in JK968 and J92 may be partially due
to its preferable leaf physical characteristics.

Field numbers of Tetranychus urticae

The number of T. urticae remained at a relatively low level
until the middle of July in all maize genotypes (Table 2),
after which it gradually increased to its peak in early August.
Genotype showed a significant influence on colony numbers
(F=87.09; df =5, 18; P <0.001), with the highest and lowest
number of mites observed in PH6WC and J92, respectively.

Similar to data under laboratory conditions, JK968 and its
parental line, J92, exhibited more robust spider mite resist-
ance in the field compared to other maize lines, with fewer
numbers of mites per plant.

Discussion

Plant herbivore resistance is the result of a coevolutionary
process between herbivores and plants, thereby providing
protection for plants against pests (Ramawat and Goyal
2020). Breeding of maize varieties with resistance to spi-
der mites is the most economical and effective method to
restrict damage and yield losses caused by this herbivore.
Presently, few studies have fully addressed spider mite resist-
ance in maize (Bui et al. 2021); in this study, we evaluated T
urticae resistance of JK968/XY335 and their parental lines.
Our research reveals that T. urticae resistance is different
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between two widely cultivated maize varieties in China,
JK968 and XY335, and confirmed that JK968 is a variety
with higher resistance to 7. urticae infection. Our data also
indicated that leaf physical characteristics play an important
role in spider mite resistance in maize. These results pro-
vided a new avenue for the breeding of new maize varieties
with high levels of spider mite resistance.

In this study, we documented that both JK968 and J92
showed significantly higher resistance to 7. urticae than
XY335 and its parental lines. Although no significant dif-
ference was observed in the population of female adults
on JK968 and XY335, T. urticae fecundity on JK968 was
substantially lower. Therefore, the density of T. urticae on
XY335 was significantly higher than JK968 during the
observation stages. These phenomena suggest that JK968
inhibits the population growth by reducing fecundity, which
may be inherited from its parental line, J92. This is con-
sistent with previous studies (Liu et al. 2019a, 2019b), in
which the robust resistance to Ostrinia furnacalis (Guenee)
of JK968 was believed to be derived from J92.

Additionally, previous research has demonstrated that
resistance to O. furnacalis, Mythimna separata (Walker) and
Rhopalosiphum padi (L.) of JK968 was higher than XY335
(Liu et al. 2019c). Similarly, in our assays, the number of
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thickness (pm). The lowercase letters above the bars indicate signifi-
cant difference at P <0.05

eggs of T. urticae on JK968, J92 and J724 was significantly
lower on day 2 compared to the first day, leading to a delay
of peak female adult population size, indicating that viability
of T. urticae on these maize lines is lower. Furthermore, the
regression analysis indicated that JK968 and J92 were not
suitable for population maintenance of T. urticae (Fig. 2).

Plants cannot move to avoid pest infestation, but they
have established a number of defense mechanisms to resist
pests during the process of coevolution (Ziist and Agrawal
2016; Beran and Petschenka 2022). For example, levels of
benzoxazinoids, a major group of defense-related second-
ary metabolites, are significantly higher in JK968 than in
XY335 (Liu et al. 2019c). Long-term domestication of cer-
tain traits could have led to a decrease in genetic diversity
of crops (Wang et al. 1999) and the loss of important genes
(Gao et al. 2019). At present, herbivore resistance of hybrids
is often derived unintentionally, resulting in uncertainty in
pest resistance (Chen et al. 2015), and a previous study has
shown that some American maize varieties have lost cer-
tain mechanisms of herbivore resistance, such as the release
of volatiles to attract predators, which was present in some
Chinese commercial maize (Gao et al. 2019).

Aside from secondary metabolites, physical resistance
traits also play a great role in plant herbivore resistance
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(Carmona et al. 2011). Since physical structures of leaves
can all influence the feeding behavior of, and damage caused
by, pests in many different ways, the leaf physical charac-
teristics should also be considered as targets for breeding
and/or engineering of different varieties with levels of pest
resistance (Agrawal 1998; Glas et al. 2012). Stomata are one
of the feeding channels of spider mites and higher stomatal
density positively influences spider mite fitness (Skorup-
ska 1998). In our study, stomatal size showed impact on T.

Table 2 Field numbers of Tetranychus urticae on six maize lines

urticae fitness, probably because the narrow stomata may
prevent the mouthparts of 7. urticae entering the leaf, but
this needs to be further studied.

In this study, we found that parent with naturally high
resistance to spider mites could be associated with the mite
resistance performance of related hybrids in both laboratory
and field conditions. Additionally, sensitive foreign parents
led to compromised mite resistance of the hybrid XY335
(Fig. S1; Fig. 2), indicating that domestication could cause
resistance loss to spider mites. Our work not only establishes
the basis for studies on the mechanism of mite resistance, but
also provides new insights into the control of spider mites
and future crop breeding practices. Furthermore, domestica-
tion of crops and early spread have been shown to mediate
the emergency and to influence the genetic variation of pest
populations (Bernal et al. 2019), and the susceptibility of
crop strains to pests from different geographical populations
varies substantially (Gill et al. 2022; Mansour et al. 1993;
Tadmor et al. 1999). Thus, whether mite resistance of less
domesticated germplasms is generally better can be evalu-
ated using more representative inbred lines from both local
and exotic regions. Similarly, future studies on the resistance
to spider mites from different geographical populations on
JK968 and resistance inherited from native parents during
the breeding process may also provide insights into future
control efforts.
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Time maize JK968 J92 1724 XY335 PH4CV PH6WC

lines

1 34.7+8.8b 6.5+0.8¢c 118.5+33.5ab 78.7+23.5ab 116.5+15.9a 138.1+20.9a

2 21.5+2.2¢ 89+1.1d 116.5+17.7a 76.5+6.4ab 52.5+5.3b 78.2+3.2ab

3 14.9+2.5b 72+1.2b 89.0+18.7a 74.0+6.5a 43.5+7.8a 579+53a

4 2.0+0.6a 1.3+0.3a 2.7+0.3a 2.7+0.3a 2.0+0.0a 3.0+0.6a

5 10.5+1.3b 2.8+0.7c 75.5+22a 76.3+4.7a 66.4+79a 88.8+15.4a

6 129.3+6.4c 13.2+2.0d 233.8+11.0b 347.0+6.6b 130.8 +26.3¢ 586.0+14.3a

7 319.3+62.5¢ 36.3+2.7d 883.3+140.5b 1312.0+155.8ab 1530.0+137.5ab 3646.7+1146.5a
8 1916.0+280.8¢c 1060 +46.2d 3006.0+87.8bc 4542.0+577.4ab 3372.0+324b 6596.0 +887.5a
9 3459.3+149.5b 1554.0+224.2¢ 9740.7 +650.2a 9386.9+961.6a 9646.5+386.2a 13,770.7+ 641.94a
10 3160.3+461.7ab 1516.3 +228.5b 5513.3+826.3a 4610.8 +842.0a 4655.5+1137.8a 5701.4+1013.0a

Data were means + SE. Same letters in a line means no significant difference between different maize lines
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