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Abstract
Woolly apple aphid (WAA), Eriosoma lanigerum (Hausmann) (Hemiptera: Pemphigidae), is a worldwide quarantine pest 
of apples. Understanding the resistance mechanism of various cultivars to WAA is important for the selection for durable 
resistance. Few studies have examined the resistance of different apple cultivars to WAA in China; among common varieties 
produced in China, Red Fuji is highly sensitive to WAA. In this study, the resistance to WAA of Red Fuji and three other 
common cultivars—Starkrimson, Jonagold, and Ralls Genet—was assessed based on the developmental and reproductive 
biological characteristics of aphids, assessed under four fixed temperatures: 20, 25, 30, and 35 ℃. We found the optimal 
temperature for WAA growth and reproduction to be 20–25 ℃, at which temperature, aphids on Red Fuji showed the highest 
rate of reproduction, the highest number of colonies, and the greatest area covered by aphid colonies among the four culti-
vars. These attributes of WAA were significantly higher at 20–25 ℃ than at 30 ℃. On Red Fuji, the most favorable variety, 
WAA showed its highest net reproductive rate (127.3 ± 13.3), intrinsic growth rate (0.30 ± 0.01), highest growth rate of the 
colony area (1.35 ± 0.02), and the lowest average generation time (16.1 ± 0.8 day) at 25 ℃. The aphids inoculated onto the 
four tested cultivars all died within 1 week at 35 ℃. Overall, Red Fuji was highly susceptible, while Starkrimson, Jonagold, 
and Ralls Genet were partially resistant.
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Introduction

Woolly apple aphid (WAA), Eriosoma lanigerum (Haus-
mann) (Hemiptera: Pemphigidae), is an important cosmo-
politan quarantine pest of apples. Aphids generally colo-
nize on branches, roots, bark, and injury sites, where WAA 
can cause various effects, including fruit deformation, 
shoot growth retardance, tree vigor lowering, apple yield 

reduction, and, in extreme cases, tree death (Beers et al. 
2010). Native to North American, woolly apple aphid has 
been widely found on nursery materials (Baker 1915) and 
become an important economic pest in most apple-produc-
ing regions. In China, woolly apple aphid was first found in 
Weihai, Shandong Province in 1914 and Dalian, Liaoning 
Province in 1929 (Lung et al. 1960). Since then, it has spread 
to Henan, Hebei, Yunnan, Shanxi, Xinjiang, Tibet, and other 
provinces of China (Zhang and Luo 2002) from where it 
continues to spread.

Woolly apple aphid is usually controlled by pesticide 
applications, but aphids often rest in bark cracks, which 
reduce their contact with pesticides, in addition to the pro-
tection provided by the waxy secretion on their bodies 
(Smith 1999). Aphelinus mali (Hausmann) (Hymenoptera: 
Aphelinidae), the most common endoparasitoid of woolly 
apple aphid, can control WAA through high parasitism 
rate. Mass rearing of A. mali and its large-scale release in 
orchards to suppress WAA, however, is not currently feasi-
ble, and a great deal of basic research is still needed before 
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such augmentative biological control can be made effec-
tive (Asante and Danthanarayana 1992; Zhou et al. 2010).

Breeding crops for higher plant resistance provides a 
sustainable alternative to slow down or prevent field attack 
by woolly apple aphid, and previous studies have focused 
on the resistance of apple cultivars to woolly apple aphid. 
Abu-romman and Ateyyat (2014) investigated the relative 
resistance to woolly apple aphid of 22 apple varieties, 
assessing resistance levels based on tree infestation rates 
and ranked cultivars into six relative resistance/suscepti-
bility categories, of which Fuji 6 was highly susceptible. 
In New Zealand, the susceptibility of sixteen apple varie-
ties to woolly apple aphid was determined, among which 
Raritan was resistant, while Royal Gala and Court Pendu 
Plat were susceptible (Sandanayaka et al. 2005).

China is the world’s largest apple producer, both in 
terms of cultivated area and total production. In China, 
Red Fuji accounts for 70% of the production area and 90% 
of stored apples (Chen et al. 2017). The spread of woolly 
apple aphid in China in recent years has coincided with 
the large-scale expansion of cultivation of Red Fuji in 
the main apple-growing areas, this variety having been 
introduced from Japan in 1960s and gaining great popu-
larity in the 1980s. The Starkrimson apple, introduced to 
Shandong province from the United States in 1982, has 
become another dominant variety grown in China. Previ-
ous studies have shown that Red Fuji is highly sensitive, 
while Starkrimson and Jonagold show partial resistance to 
WAA (Wang et al. 2009, 2011). Population outbreaks of 
woolly apple aphid in China have increased in recent years 
(Zhou et al. 2015), and greater infestations of WAA may 
be related to changes in the relative proportion of resistant 
vs. susceptible apple varieties grown in China, especially 
the increasing dominance of Red Fuji in past decades.

Few previous studies of resistance of apple cultivars to 
WAA have taken temperature into consideration. Wang 
et al. (2011) found that the intensity of population out-
breaks of WAA in orchards fluctuated with temperature 
across the growing season (from April to late October).
This study was conducted to explore the resistance mecha-
nism of four apple cultivars (Red Fuji, Starkrimson, Jona-
gold and Ralls Genet) to woolly apple aphid based on the 
aphid’s developmental and reproductive biology under dif-
ferent temperatures, for a better understanding of the sea-
sonal dynamics of WAA on different cultivars. Our results 
will help in the selection of new resistant varieties and 
improvement of the Red Fuji cultivar through transgenic 
technology to achieve sustainable suppression of woolly 
apple aphid.

Materials and methods

Sources of apple varieties and woolly apple aphids

The flower buds of four apple varieties, such as Red Fuji, 
Starkrimson, Jonagold, and Ralls Genet, were grafted onto 
the rootstock Malus robusta Rehd, in an apple nursery at 
Qixia County, Shandong province in the summer of 2016. 
Routine management was conducted to provide water and 
organic fertilizer, and integrated pest management was 
used to control diseases and insect pests. In the following 
spring, each of the apple seedlings, then one meter high, 
was transplanted into a flower pot (Dia 20*H 25 cm) and 
cultivated in a greenhouse.

Apterous woolly apple aphids were collected from a 
Qixia apple orchard in the spring of 2017, and used to 
inoculate the 2-year-old potted apple trees, which were 
held in a greenhouse, where the aphids gradually formed 
stable colonies.

Biological characteristics of woolly apple 
aphid on different apple varieties at different 
temperatures

Sixteen potted apple seedlings for each variety with simi-
lar size and vigor were collected and held at four fixed 
temperatures (20, 25, 30, and 35 ℃), 60 ± 10% RH, and 
a 14 h:10 h L: D photoperiod in a greenhouse. Three 
wounds, each 2 mm wide and 20 mm long, were cut on the 
stem of each seedling as aphid colonization sites. Fifteen 
adult aphids were inoculated into each wound. The num-
ber of aphid colonies, and aphids in each colony, plus the 
wax area, were determined every 24 h, and after 18 days 
all aphids were collected with a soft brush and counted.

Life parameters of woolly apple aphid on different 
apple varieties at 25 ± 1 ℃

Using the same methods described above, potted trees of 
the same four apple varieties were produced and then held 
at 25 ℃, 60 ± 10% RH, and a 14 h:10 h L: D photoperiod. 
Three wounds were cut on the stem of each seedling, and 
15 adult aphids (reared as described above) were inocu-
lated into each wound. After new nymphs were born, only 
10  1st instar nymphs were retained on each seedling with 
all other adult aphids being removed. Thereafter, the molt-
ing of each nymph was observed and recorded every day, 
and its instar was recorded. When nymphs became adults, 
the new nymphs produced by these adults were removed 
daily, and the number was recorded until all adults died.
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Data analysis

The net reproductive rate (R0), average generation cycle (T), 
innate rate of increase (γm), and finite rate of increase (λ) 
were used to analyze the data of WAA life parameters when 
reared at 25 ± 1 ℃. The net reproductive rate (R0) was cal-
culated as below:

where x is a specific age, and the time step used in our study 
was 1 day, lx is the survival rate in a specific age, and mx is 
the average number of progeny per female during the period 
of x (1 day).

SPSS20 was used for analysis of variance with LSD mul-
tiple comparison. Excel 2013 was used to draw histogram 
and curve charts according to the experimental design.

Results

Numbers of woolly apple aphids, number of aphid 
colonies, and total wax area on different varieties 
at 20, 25, and 30 ℃

Two-way ANOVA was used to compare numbers of aphids 
and the number of colonies as well as the total area of woolly 
wax after 18 days of rearing (Table 1). Apple varieties had 
significant effects on numbers of aphids, number of colonies, 
and total wax area (P < 0.05), while the rearing temperature 
had significant effects on numbers of aphids and total wax 
area (P < 0.05). There was a significant interaction between 

R0 = Σlxmx, T = Σxlxmx∕R0, �m = lnR0∕T , � = e
�m

apple varieties and temperature on number of aphids 
(P = 0.007 < 0.05) and total wax area (P = 0.032 < 0.05), but 
not numbers of colonies (P = 0.728 > 0.05).

The average number of aphid progeny produced on Red 
Fuji, averaged over all three temperatures of 20, 25, and 
30 ℃ (332.0 ± 29.0), was significantly higher than that for 
Starkrimson (F = 3.181, P = 0.047), Jonagold (F = 3.181, 
P = 0.030), and Ralls Genet (F = 3.181, P = 0.033) (with no 
significant difference among the three varieties) (Fig. 1).

Meanwhile, apple varieties had different effects on the 
reproduction of woolly apple aphids at different temperatures 
(Fig. 2). At 18 days post-inoculation, Red Fuji showed a sig-
nificantly higher level of aphid reproduction compared to the 
other three cultivars at 20 ℃ (F = 6.032, P = 0.013, 0.002, 
0.004 for Starkrimson, Jonagold, and Ralls Genet, respec-
tively) and 25 ℃ (F = 6.587, P = 0.003, 0.010, 0.000 for the 
above three varieties, respectively). At 30 ℃, the number of 
aphid progeny on Red Fuji (125.4) was significantly higher 
than that on Starkrimson (56.67, F = 3.138, P = 0.022), but 
insignificantly on Ralls Genet (123.33, F = 3.181, P = 0.947) 
and Jonagold (78.88, F = 3.181, P = 0.118).

Colonies on the four apple varieties had similar popu-
lation dynamics, there being about 1–4 colonies on all 
four cultivars at three fixed temperatures in the first 
week after inoculation (Fig. 3). The number of aphid 
colonies on Red Fuji began to increase sharply from the 
7–8th day, to levels higher than those on the other three 
cultivars, which continued until the 18th day when the 
experiment ended (due to declining plant vigor of the 
test seedlings). On the 18th day, Red Fuji had the high-
est number of aphid colonies at 20 ℃ (9.0 ± 2.4), 25 ℃ 
(7.6 ± 2.8), and 30 ℃ (5.2 ± 1.7), significantly higher 

Table 1  The effect variance 
of different apple varieties and 
temperatures (℃) on offspring 
number, colony area, and colony 
number of woolly apple aphids 
(Mean ± SE)

* Means significant differences

Source of variance Free degree 
(df)

Mean square F value P value

Offspring number
 Corrected model 11 83,782.989 7.186 0.000*
 Incubation Temperature 2 118,995.374 10.206 0.000*
 Apple varieties 3 161,320.750 13.836 0.000*
 Incubation temperature × apple varieties 6 38,842.111 3.331 0.007*

Colony area 11 39,304.436 6.080 0.000*
 Corrected model 11 39,304.436 6.080 0.000*
 Incubation temperature 2 70,772.536 10.948 0.000*
 Apple varieties 3 65,723.051 10.167 0.000*
 Incubation temperature × apple varieties 6 16,171.257 2.502 0.032*

Colony number
 Corrected model 11 25.848 3.265 0.002*
 Incubation temperature 2 24.420 3.085 0.053
 Apple varieties 3 68.019 8.592 0.000*
 Incubation temperature × apple varieties 6 4.766 0.602 0.728
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Fig. 1  Average numbers of 
reproductive woolly apple 
aphids at 20, 25, and 30 ℃

Fig. 2  Total numbers of woolly apple aphids at 18 days post-inoculation on different apple varieties at 20, 25, and 30 ℃
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Fig. 3  Dynamics of colony 
numbers of woolly apple aphids 
on different apple varieties at 
20, 25 and 30 ℃
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than Jonagold (3.0 ± 0.6, F = 4.556, P = 0.013) and Ralls 
Genet (2.8 ± 0.4, F = 4.556, P = 0.005) at 20 ℃, Ralls 
Genet (2.0 ± 0.4, F = 2.547, P = 0.011) at 25 ℃, and Jon-
agold (1.9 ± 0.4, F = 2.692, P = 0.011) and Starkrimson 
(2.7 ± 0.6, F = 2.692, P = 0.037) at 30 ℃. The three cul-
tivars other than Red Fuji fluctuated slightly in colony 
number after aphids settled on the inoculated sites.

Also, the four apple cultivars showed similar dynamic 
changes in total wax area of aphids at 20 and 25 ℃, with 
an increasing trend with time during the 18 days, while the 
increase of wax areas topped after the 14th day and fluctu-
ated thereafter at 30 ℃ (Fig. 4). Red Fuji also showed the 
highest increase in wax area at all three temperatures as it 
did for colony number. From the 7th day (20 ℃) and the 
9th day (25 ℃), the total wax area on Red Fuji began to 
increase sharply, significantly higher than that on the other 
three varieties, among which the wax area on Starkrimson 
exceeded that on Jonagold or Ralls Genet. The total wax 
area on the four varieties at 30 ℃ also increased gradually 
as time went on, with that on Red Fuji and Ralls Genet 
increasing faster than Starkrimson and Jonagold from the 
8th day on. On the 18th day, wax areas on Red Fuji at 20 ℃ 
(174.0 ± 53.2  cm2) and 25 ℃ (346.2 ± 73.9  cm2) were sig-
nificantly higher than those on Starkrimson (87.0 ± 13.3 
 cm2, F = 4.624, P = 0.040; 203.3 ± 45.9  cm2, F = 7.667, 
P = 0.030, respectively, for the two temperatures), Jona-
gold (19.0 ± 9.9  cm2, F = 4.624, P = 0.003;124.0 ± 27.7 
 cm2, F = 7.667, P = 0.003, respectively), and Ralls Genet 
(74.2 ± 13.5  cm2, F = 4.624, P = 0.021; 92.4 ± 27.8  cm2, 
F = 7.667, P = 0.000, respectively), with no significant dif-
ference among the three. At 30 ℃, the total wax area on Red 
Fuji (155.0 ± 44.5  cm2) was also significantly higher than 
on Starkrimson (58.7 ± 8.0  cm2, F = 2.692, P = 0.037) and 
Jonagold (64.9 ± 12.7  cm2, F = 2.692, P = 0.011), but not 
than on Ralls Genet (74.2 ± 13.5  cm2, F = 2.692, P = 0.057).

Comparison of colonization level and survival time 
of woolly apple aphid on different varieties at 35 ℃

After 15 aphids were inoculated on each experiment site 
of four apple cultivars at 35 ℃ (Fig. 5), the total number of 
WAA including adults and reproductive nymphs on Ralls 
Genet was higher than those on the other three cultivars, 
significantly higher in the first 5 days (df = 3; F = 3.158, 
9.959, 11.386, 9.031, and 4.059, respectively; P = 0.047, 
0.000, 0.000, 0.001, and 0.021, respectively, all < 0.05). 
All inoculated aphids and reproductive nymphs, however, 
died within 11 days, with the average survival time (time 
until death of all aphids) on Ralls Genet (6.3 ± 0.8 day) 
and Starkrimson (5.7 ± 1.4 day) being longer than that 
on Jonagold (3.8 ± 1.7 day) and Red Fuji (4.5 ± 1.1 day), 
though not significantly so.

Comparison of nymphal duration, adult longevity, 
and progeny numbers of woolly apple aphid at 25 ℃

The developmental duration for first-instar nymphs to 
become adults on Red Fuji (8.6 ± 0.5 day) and adult longev-
ity (18.8 ± 1.0 day) was the shortest among the four culti-
vars, with progeny number (142.9 ± 8.8) being secondary 
only to Jonagold (156.2 ± 3.2) (Table 2). Meanwhile, aphid 
nymphs on Starkrimson had the longest developmental 
period, but adult aphids on that variety also had the high-
est longevity (25.0 ± 1.3 day), significantly greater than that 
on Red Fuji (18.8 ± 1.0 day, F = 3.173, P = 0.007) and Ralls 
Genet (20.3 ± 1.5 day, F = 3.173, P = 0.020). The number of 
progeny aphids on Ralls Genet (116.8 ± 9.3) was the lowest 
of the four varieties tested, significantly lower than on Jona-
gold (F = 3.364, P = 0.014).

Net reproductive rate, average generation time, 
intrinsic rate of increase, and finite rate of increase 
of woolly apple aphid at 25 ℃

WAA on Red Fuji showed the highest net reproductive rate 
(127.3 ± 13.3), intrinsic growth rate (0.30 ± 0.01), colony 
area growth rate (1.35 ± 0.02), and the lowest average gen-
eration time (16.1 ± 0.8 day), among which both the intrin-
sic rate (F = 4.739, P = 0.035) and colony area growth rate 
values (F = 4.851, P = 0.033) were significantly higher than 
those of aphids on the other three varieties (Table 3). Mean-
while, WAA on Jonagold had the lowest intrinsic growth 
rate and colony area growth rate, and the longest genera-
tion time, only with the net reproductive rate insignificantly 
higher than on Rall Genet (F = 2.998, P = 0.154). The net 
reproductive rate on Rall Genet (73.7 ± 10.1) was the low-
est of the four varieties, significantly lower than that on 
Fuji (127.3 ± 13.3, F = 2.998, P = 0.024) and Starkrimson 
(118.8 ± 11.4, F = 2.998, P = 0.047).

Discussion

Previous investigations on woolly apple aphid in China 
showed the presence of two annual peaks, the first and 
highest peak from late May to late July, and the second one 
from early September to late October (Wang et al. 2011). In 
Shandong province, woolly apple aphid populations usu-
ally begin to increase sharply, with aphids to produce their 
characteristic white wax, from mid-to-late April, when the 
average daily high temperature is above 20 ℃. In order to 
fully simulate the temperature ranges that occur during the 
field growing season in Shandong apple orchards, we carried 
out our varietal laboratory trial at four temperatures: 20, 25, 
30, and 35 ℃, and our results demonstrated that temperature 
had an important influence on the biological characteristics 
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Fig. 4  Dynamics of colony 
areas of woolly apple aphids on 
different apple varieties at 20, 
25, and 30 ℃
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of woolly apple aphid populations. The number of aphids, 
the number of colonies, and colony size were all greatest at 
20–25 ℃, and gradually decreased with higher temperatures, 
similar to the findings of Yu et al. (1989), who determined 
that the optimum temperature for reproduction for WAA was 
about 25 ℃. Higher temperatures were unfavorable: at 35 ℃, 
when 15 aphids were inoculated onto each of four varieties 
all died within 1 week, with only slight differences in their 
survival time. This adverse impact of high temperatures on 
WAA explains why peak populations do not occur during the 

hottest summer days in July or August when the temperature 
highs are 30–35 ℃. Brown and Schmitt (1994) also found a 
gradual decline in WAA abundance on trees in the summer 
after June, followed by a slight increase in September.

Based on the population dynamics of WAA in apple 
orchards and laboratory experiment, we hypothesized that 
20–25 ℃ would be optimal for growth and development of 
woolly apple aphid, a range that corresponds with the first 
population peak in orchards in early summer. The following 
hotter summer months are not conducive to the growth and 
development of apple aphid, as shown by the rapid death 
of WAAs at 35 ℃ in our experiment. When temperatures 
drop in the fall and return to about 20 ℃, aphids experience 
another population peak.

Many plants produce secondary substances to enhance 
their pest resistance (Francia et al. 2007; Zhou et al. 2013). 
Analysis of volatiles extracted from apple branches, when 
presented to aphids in a Y-tube olfactometer, showed lowest 
resistance of branches from Fuji and Shasan varieties (Wang 
et al. 2009). Yin et al. (2010) have shown that resistance to 
woolly apple aphid is related to the strength of capillary ten-
sion in apple xylem and that this tension is low in Red Fuji 
and Gold Marshal and higher in more resistant varieties. In 
another study, changes in the physiological index (including 

Fig. 5  Total number and 
survival time of woolly apple 
aphids on different apple varie-
ties at 35 ℃

Table 2  The nymphal developmental duration, adult longevity, and 
progeny number of woolly apple aphids on four apple varieties at 
25 ℃ (mean ± SE)

The same letter in the same column indicates no significant differ-
ence, while different letters indicate significant difference

Apple varieties Nymph devel-
opment dura-
tion (day)

Adults’ longev-
ity
(day)

Progeny number

Red Fuji 8.6 ± 0.5a 18.8 ± 1.0a 142.9 ± 8.8ab
Starkrimson 10.4 ± 0.6b 25.0 ± 1.3b 137.0 ± 12.0ab
Jonagold 9.4 ± 0.4ab 22.6 ± 1.3ab 156.2 ± 3.2a
Ralls Genet 9.8 ± 0.4ab 20.3 ± 1.5a 116.8 ± 9.3b

Table 3  The life table index 
of woolly apple aphids on 
four apple varieties at 25 ℃ 
(mean ± SE)

The same letter in the same column indicates no significant difference, while different letters indicate sig-
nificant difference

Apple varieties Net reproductive rate Average genera-
tion time (days)

Intrinsic growth rate Colony area growth rate

Red Fuji 127.3 ± 13.3a 16.1 ± 0.8a 0.30 ± 0.01a 1.35 ± 0.02a
Starkrimson 118.8 ± 11.4a 19.1 ± 0.7ab 0.25 ± 0.01b 1.28 ± 0.02b
Jonagold 103.0 ± 18.5ab 19.9 ± 0.6b 0.23 ± 0.01b 1.26 ± 0.02b
Ralls Genet 73.7 ± 10.1b 18.2 ± 1.5ab 0.24 ± 0.02b 1.27 ± 0.02b
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soluble sugar, protein, free amino acids, total phenolic com-
pounds and defense enzymatic activities) of six cultivars 
before and after the damage by woolly apple aphid were 
correlated to the degree of aphid resistance of the tested host 
cultivars (Wang et al. 2012). Host plant resistance offers an 
alternative means for integrated pest management (IPM) to 
control pests in orchards (Nwosu and Adedire 2019). Pre-
vious studies on the development of new resistant apples 
lines and molecular studies of the genetics of resistance in 
WAA showed that host plant resistance varied among apple 
cultivars to woolly apple aphid in worldwide (Ateyyat and 
Al-Antary 2009; Abu-Romman and Ateyyat 2014; Sandan-
ayaka et al. 2003; Nicholas et al. 2005).

The four cultivars tested in this study are primarily grown 
in northern Chinese apple-growing areas, including two 
mid-season cultivars (Starkrimson and Jonagold), and two 
late maturity ones (Red Fuji and Ralls Genet), among which 
Red Fuji has been the dominant cultivar nationwide in recent 
decades. Since the Fuji cultivar originated from the hybridi-
zation of Ralls Genet as the female parent and Red Delicious 
(of which Starkrimson is one of the Delicious series) as the 
male parent, the study on their resistance difference to WAA 
is helpful to elucidate the resistance mechanism of cultivars, 
which should provide some useful information for future 
breed improvement.

By direct inoculation of aphids on apple seedlings, it was 
found that the resistance of tested varieties differed with 
temperature, reflecting, to some extent, the seasonal pattern 
of resistance of difference apple cultivars in orchards. The 
number of apple aphids, aphid colonies, and the colony area 
on Red Fuji were all the highest at 20 and 30 ℃, indicating 
its high susceptibility to WAA.

When the host is Ralls Genet, the increase in total number 
of aphids and in colony area was second only to Red Fuji 
from the 8th day after inoculation at 30 ℃, with colony area 
being significantly higher on Ralls Genet than on Starkrim-
son or Jonagold. Also, the survival time of aphids at 35 ℃ 
on Ralls Genet was the longest. This greater survival may 
be related to the physiological characteristics of the Ralls 
Genet variety at relatively high temperatures, a thought sup-
ported by the fact that for the 1-year seedlings used in our 
experiment, Ralls Genet seedlings grew better than the other 
three varieties if temperatures were above 30 ℃. The relative 
success of the growth of Ralls Genet may shield aphids from 
the effects of high temperatures and provide more nutrients, 
making this variety more conducive to the growth and repro-
duction of WAA. Though relatively resistant to aphids, Jona-
gold, Ralls Genet and Starkrimson showed no consistency 
in their relative levels of resistance when evaluated at differ-
ent temperatures. Field investigation of WAA’s preferences 
among cultivars in orchards also indicated minor differences 
in tested years (Wang et al. 2011), and it is speculated that 

the resistance of different apple varieties may be affected by 
year, season, temperature, light, and rainfall.

A suitable condition (25 ± 2 ℃, RH 60 ± 10%) was 
selected to determine the life parameters of apple aphid on 
four apple varieties, taking intrinsic growth rate and circum-
ferential growth rate of colony area as the index of resistance 
evaluation. The index of population growth, the total wax 
area, adult longevity, and nymphal developmental time were 
also evaluated. Red Fuji showed the shortest developmental 
time for nymphs and the shortest longevity for adults, but 
with relative high progeny number, indicating WAA’s faster 
growth and greater reproductive generations on Red Fuji; 
with the highest net reproductive rate, intrinsic growth rate, 
and rate of increase of colony area circumference, it is safe 
to say that Red Fuji was highly susceptible compared with 
other cultivars. Jonagold, which showed the lowest intrinsic 
and growth rate of the periphery of colonies, and the longest 
generation time, had the highest level of resistance to WAA 
of the four cultivars tested. Taking all life table index into 
consideration, we rated that the relative level of resistance 
of the four tested varieties to woolly apple aphid as Jona-
gold > Ralls Genet > Starkrimson > Red Fuji. Our study was 
conducted by inoculation of aphids on seedlings, but our 
findings that Red Fuji showed the highest susceptibility to 
WAA agreed with the orchard-level investigation by Wang 
et al. (2011) who found Jonagold and Starkrimson to be 
relatively resistant to aphids compared with Red Fuji. Thus, 
the high susceptibility of Red Fuji has been noted previ-
ously (Wang et al. 2009, 2011; Yin et al. 2010), as well as 
the partial resistance of the other three varieties we tested.

Red Fuji is the dominant cultivar in the four main apple-
growing regions of China, which may explain why aphids 
on apples have increased in importance in recent years. 
Therefore, the breeding for better resistance of the dominant 
varieties and the expansion of resistant varieties will help 
reduce damage from WAA. The differences among cultivars 
regarding their levels of WAA infestation can potentially 
be applied in apple breeding to achieve more effective and 
environmentally friendly pest control.

Resistance mechanisms of plants to insects are complex 
and influenced by the external environment, a plant’s grow-
ing conditions, and the nutritional components and second-
ary metabolites of different varieties. Susceptibility of apple 
cultivars to WAA infestation is a kind of trait, and in general, 
such traits can be divided into qualitative versus quantitative 
traits. Plant resistance traits (to insects) are mostly quan-
titative characters, easily affected by the environment and 
controlled by minor effects of polygenes (Liu et al. 2011). It 
is speculated that the resistance of apple varieties to WAA is 
controlled by multiple genes. Identification and mapping of 
new resistance genes are an ongoing process in apple breed-
ing (Bus et al. 2008, 2010; Abu-Romman and Ateyyat 2014). 
Previous studies have shown that some quantitative trait loci 
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related to the resistance of WAA have been preliminarily 
identified (Ruiz-Montoya et al. 2015), and three major resist-
ant genes to WAA have been identified in different apple 
varieties, including Er1 on Northern Spy (Malus domestica) 
(Knight et al. 1962), Er2 on Robusta 5 (Malus × robusta) 
(King et al. 1991), and Er3 on Aotea (Malus sieboldii) in 
2003 (Sandanayaka and Hale 2003). Also, studies on some 
molecular markers and linkage localization were carried 
out on the single resistance genes in these varieties, but 
the complete sequences of these resistance genes have not 
been obtained so far (Bus et al. 2008, 2010; Fischer et al. 
2003; Abu-Romman and Ateyyat 2014). Thus, the accurate 
detection of resistance genes for WAA has been progressing 
slowly, and the mechanism of insect resistance needs further 
exploration to improve the control of woolly apple aphid 
(Dietrich and Dai 2016).

We confirmed that Red Fuji is highly susceptible to WAA, 
but that the other three varieties we tested showed some 
resistance. To date, resistance genes in these four major 
apple varieties have not been screened in China. Choosing 
Red Fuji, Ralls Genet, and Starkrimson, three closely related 
varieties, our research team has also been working on their 
transcriptome and proteome differences before and after 
being damaged by WAA, in order to find potential aphid 
resistance genes in resistant varieties and apply the infor-
mation to molecular-assisted breeding to improve the Red 
Fuji variety through transgenic technology for durable aphid 
resistance. The findings in this study provide a theoretical 
basis for the study of the resistance mechanism of different 
apple varieties to WAA, and further studies are required to 
mine the germplasm resources and resistance breeding in 
China.
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