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Abstract: As an endophytic fungus, the growth-promoting effects of Piriformospora indica have been
widely confirmed in many of its host plants. In this study, we investigated the influences of P. indica
colonization on the growth of the daughter plants of two strawberry cultivars, ‘Benihoppe’ and
‘Sweet Charlie.’ The results showed that the fungus colonization significantly promoted the growth
of the daughter plants of both of the two strawberry varieties. Its colonization greatly improved
almost all of the growth parameters of the ‘Benihoppe’ daughter plants, including the above-ground
fresh weight, above-ground dry weight, root fresh weight, root dry weight, plant height, petiole
length, leaf area, number of roots and chlorophyll content. However, the fungus colonization showed
significant improving effects on only the above-ground fresh weight, root fresh weight and root
dry weight of ‘Sweet Charlie.’ Surprisingly, the average root length of ‘Benihoppe’ and ‘Sweet
Charlie’ was suppressed by about 14.3% and 24.6%, respectively, by P. indica. Moreover, after P. indica
colonization, the leaf nitrate reductase activity and root activity upregulated by 30.12% and 12.74%,
and 21.85% and 21.16%, respectively, for the ‘Benihoppe’ and ‘Sweet Charlie’ daughter plants. Our
study indicated that P. indica could promote the growth of strawberry daughter plants by improving
rooting, strengthening photosynthetic pigments production and nutrient absorption and accelerating
biomass accumulation. The fungus shows great potential to be used in the strawberry industry,
especially in the breeding of daughter plants.

Keywords: Fragaria × ananassa Duch.; Piriformospora indica; daughter plants; plant growth; nutrient
absorption

1. Introduction

Plant roots are inhabited or colonized by a large population of microorganisms, includ-
ing fungi, bacteria and so on [1]. Among these microorganisms, some fungi were identified
to have profound effects on plant growth and development [2]. The inoculation of plants
with these growth-beneficial endophytic fungi has been proposed as a promising biological
approach to promote plant growth [3]. For example, the arbuscular mycorrhizal fungi
(AMF) have been identified to play significant roles in promoting plant nutrient absorp-
tion [4], strengthening plant growth potential [5], improving agronomic traits [6–8] and
enhancing abiotic and biotic stress resistance of their host plants [9–11], thus drawing great
attention from scientists and farmers. Recently, another endophytic plant-growth-beneficial
fungus, Piriformospora indica (also called Serendipita indica), has become a new research
hotspot because of its AMF-like plant growth promoting functions [10,11], even wider host
ranges [12] and axenically cultivable characteristics [13]. It has been reported that P. indica
can colonize the roots of plants from more than 30 families [12]. Moreover, the fungus
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has been successfully applied in the fields of seedling breeding, growth promotion, stress
resistance enhancement and fruit quality improvement of many horticultural crops [12].

Strawberry (Fragaria × ananassa Duch.) is a perennial dicotyledonous herb plant
belonging to the Fragaria genus of the Rosaceae Family. It is one of the most important
economic fruit crops widely cultivated in the world. Strawberry fruits are of very high
economic and nutritional value. Noteworthily, the annual fruit production of strawberries
ranked the first among all the berries [14]. To improve the production and fruit quality of
the strawberry, many growth-beneficial microorganisms have been applied to strawberry
plants, and the interactions between strawberry plants and several fungi have been well
studied. The symbiosis between AMF and strawberry roots was first reported in 1953 [15].
Recent studies have shown that AMF treatment could increase the yield of strawberry
fruits under drought and low nitrogen stress conditions [16]. Cordeiro et al. reported that
the AMF colonization could improve the fruit quality of strawberries [17]. Consistently,
Trichoderma application to strawberry plants has also been reported to result in promoted
growth and improved fruit yield and quality [18]. P. indica inoculation experiments have
also been performed in tissue-cultured seedlings of some strawberry varieties [19,20]. The
P. indica colonized tissue-cultured seedlings of strawberry ‘Chandler’ displayed shorter root
length, but a significantly increased root number, compared with the noncolonized controls.
In addition, after transplanting these tissue-culture seedlings into culture substrates, the
P. indica colonized ‘Chandler’ seedlings were found to be much taller and stronger than
the noncolonized controls, and their leaves were a deeper green color [19]. In strawberry
variety ‘Toyonoka,’ in addition to the growth-promoting effect of this fungus on tissue-
cultured seedlings, Chien and Lin also reported that P. indica colonization improved the
anthracnose resistance of strawberry plants [20].

Previously, the interactions between P. indica and strawberry plants were mainly in-
vestigated using tissue-cultured seedlings, which are generally utilized as original seedling
sources, but not for seedling production. Daughter plants, deriving from the stolons of the
stock strawberry plants, are mainly utilized as the major strawberry propagation materials.
Daughter plants are divided from the stolon connected to the stock plants and their root
system is not well developed. Therefore, improving the rooting and growth of strawberry
daughter plants is vital for the strawberry production. In our present study, to determine
whether P. indica colonization can promote the growth of strawberry daughter plants or
not, we compared the growth of the P. indica colonized and noncolonized ‘Benihoppe’
and ‘Sweet Charlie’ daughter plants by observing and measuring many growth-related
parameters, including above-ground fresh weight and dry weight, root fresh weight and
dry weight, plant height, petiole length, leaf area, root length, root number and so on. More-
over, photosynthetic pigment (including chlorophyll a, chlorophyll b, total chlorophyll and
carotenoids) contents, leaf nitrate reductase activity (representing the nitrogen assimilation
activity in plant leaf [21]) and root activity (representing the plant root water and nutri-
ents absorption capacity [22]) were also determined to explore the possible mechanisms
underlying the promoting effects of P. indica in strawberry daughter plants. The results
obtained in this study will provide a basis for the future application of the endophytic
growth-promoting fungus in the seedling breeding and production of strawberries.

2. Materials and Methods
2.1. Plant Materials and Fungi Preparation

In this study, daughter plants of two strawberry varieties, ‘Benihoppe’ (one of the
most widely grown fresh strawberry varieties in China) and ‘Sweet Charlie’ (an early-
maturing strawberry variety often used for food processing), were used as experimental
materials. The P. indica (DSM11827 strain) used in this study was kept in our laboratory.
The spore suspension used for the P. indica inoculation was prepared according to the
method described by Cheng et al. [23].

Unique and healthy daughter plants were harvested from the stock strawberry plants
and pruned, leaving only two expanded leaves, and then divided into two groups. One
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group was subjected to P. indica inoculation by immersing their roots in the P. indica spore
suspension (2 × 105 spores/mL) for 5 h. Roots of the daughter plants from the other group
were immersed in an equal volume of potato glucose broth (PDB) and were used as controls.
For each group, 24 seedlings were used. After P. indica inoculation, daughter plants were
wrapped with plastic film, kept at 4 ◦C in the dark for 3 days to promote rooting, and
then transplanted into seedling-raising plug plates (50.8 cm × 30.8 cm × 12.1 cm, 24 holes
per plate, and the volume of each hole is 146 mL) containing nutrient soil and grown in a
greenhouse at 20~25 ◦C. In the first two weeks, for the adaption of transplanted daughter
plants, shading was performed using a black sun-shading net, and the relative humidity
was set at more than 85%.

2.2. Detection of Piriformospora indica Colonization in Strawberry Roots

Two weeks after transplanting, the roots of P. indica treated strawberry daughter plants
were collected for fungus colonization detection. After removing the attached nutrient soil
under tap water, roots were cut into 0.5 cm segments, soaked in 10% KOH in boiling water
for 20 min, washed with sterile water 3 times, soaked in 1% hydrochloric acid solution
for 1 min, stained using 0.05% Trypan blue solution for 20 min and then washed with
sterile water 3 times. The colonization of P. indica in strawberry roots was observed under
an optical microscope (Motic BA410E, Xiamen, China) [24]. At least three root segments
were observed for each strawberry daughter plant. The colonization rate was calculated
according to the description of Sharma et al. [25]. Only strawberry daughter plants that
shown to be colonized by P. indica were used for further studies.

2.3. Measurement of Plant Growth-Related Parameters

At 50 days post P. indica inoculation, growth-related parameters, including plant height
(cm), petiole length (cm), leaf area (cm2), root length (cm), root number, above-ground
fresh weight (g), root fresh weight (g), total fresh weight (g), above-ground dry weight
(g), root dry weight (g) and total dry weight (g) of P. indica colonized and noncolonized
control daughter plants were separately measured or calculated. For the measurement of
leaf area, leaves were scanned on a HP LaserJet M1005 MFP scanner (Shanghai, China) and
measurements were determined using software Image J 1.8.0. For fresh weight measure-
ment, samples from different strawberry parts were washed in running water to remove
dirt or soil attachments, and blotted dry with filter paper before weighing. Before dry
weight measurement, samples were kept in a drying oven at 70 ◦C to constant weight.
For each parameter, eight replications were made for the strawberry daughter plants from
each group.

2.4. Determination of Photosynthetic Pigments Contents

The contents of chlorophyll a, chlorophyll b, total chlorophyll and carotenoids in
the leaves of P. indica colonized and noncolonized control plants were determined with
three replications. Briefly, fully expanded leaves were collected, cut into pieces, and 0.3 g
leaf samples were added to 10 mL of acetone–ethanol mixed extract (acetone: ethanol:
water = 4.5:4.5:1) in the dark until they turned completely white. The mixture was then
filtered using filter paper and diluted into a final volume of 25 mL using ethanol. The
absorbance values of the obtained solution at 665 nm, 649 nm and 470 nm wavelengths
were measured using a UV VIS spectrophotometer, and the concentrations of various
pigments were calculated based on the following formulas [26]: chlorophyll a (Ca) = 13.95
A665 − 6.88 A649; chlorophyll b (Cb) = 24.96 A649 − 7.32 A665; total chlorophyll content = Ca
+ Cb; chlorophyll a/chlorophyll b = Ca/Cb; and carotenoids (Cx) = (1000 A470 − 2.05 Ca −
104 Cb)/245.

2.5. Determination of Leaf Nitrate Reductase Activity and Root Activity

At 50 days post P. indica inoculation, the leaf nitrate reductase activity of P. indica
colonized and noncolonized strawberry daughter plants was measured using the modified
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in vivo assay method [27]. Briefly, the strawberry leaves were first washed with distilled
water, blotted dry using filter paper and punched into circles of about 0.5 cm in diameter.
Then, 0.5 g leaf samples were placed into a conical flask and submerged with 10 mL of a
composite assay buffer containing 0.05 mol/L phosphate buffer (pH 7.5) and 0.1 mol/L
KNO3, placed under vacuum for 3 min and then incubated at 30 ◦C for 30 min. A total
of 1 mL reaction solution, 2 mL 1% sulfonamide and 2 mL 0.2% naphthylamine were
mixed and reacted at 30 ◦C for 1 h. The absorbance value of the obtained solution at the
540 nm wavelength was measured using a UV VIS spectrophotometer and used for the
calculation of the nitrate reductase activity [21]. The root activity of P. indica colonized and
noncolonized strawberry daughter plants was measured using the triphenyl tetrazolium
chloride (TTC) method. For the detection of leaf nitrate reductase activity and root activity,
three replications were made for each treatment group.

2.6. Statistics Analysis

The results of the obtained growth-related parameters, photosynthetic pigments con-
tents, leaf nitrate reductase and root activity were all expressed as mean ± standard
deviation (SD) of at least three replications. For the analysis of the significance of the
difference of these parameters or indexes between the P. indica colonized and noncolo-
nized strawberry daughter plants, IBM® SPSS® statistical software version 24.0 (IBM Corp.,
Armonk, NY, USA) was applied using the Student’s t-test method at the 5% and 1% levels,
and GraphPad Prism 8.0 software was used for figure drawing.

3. Results
3.1. P. indica Colonization Detection Results in Roots of Strawberry Daughter Plants

Two weeks after P. indica inoculation, the fungus colonization in the roots of strawberry
daughter plants was detected using the trypan blue staining method and observed under a
microscope (Figure 1). The results showed that 70.83% of the root segments of ‘Benihoppe’
and 66.67% of the root segments of ‘Sweet Charlie’ were identified to be colonized by P.
indica, indicating that, as observed in the tissue-cultured seedlings [19], P. indica can easily
colonize into the roots of daughter plants of both the two strawberry varieties (Figure 1c,d).

3.2. Effects of P. indica Colonization on the Growth of Strawberry Daughter Plants

The colonization of P. indica significantly influenced the growth of the daughter plants
of the two strawberry varieties (Table 1, Figure 2). Interestingly, the plant height of the
fungus colonized ‘Benihoppe’ daughter plants was obviously greater than the noncolonized
control plants (Figure 2a,b), and all their growth-related parameters, except for root length,
were found to be significantly increased by P. indica colonization (p < 0.05). The above-
ground fresh weight, above-ground dry weight, root fresh weight, root dry weight, plant
height, petiole length, leaf area and root number accounted for about 1.47-, 1.49-, 1.43-,
1.54-, 1.17-, 1.39-, 1.15- and 1.64-fold of the noncolonized controls, respectively. However,
the average root length of P. indica colonized ‘Benihoppe’ daughter plants was only about
85.7% of the controls.

The above-ground fresh weight, root fresh weight and root dry weight of P. indica
colonized ‘Sweet Charlie’ seedlings were also significantly higher than those of their
corresponding controls (p < 0.05). The above-ground dry weight, plant height and petiole
length of ‘Sweet Charlie’ seedlings colonized by P. indica were also greater than those of
the control group, but no significant difference was identified. Similar to ‘Benihoppe,’ the
root length of the P. indica colonized ‘Sweet Charlie’ daughter plants was also found to be
significantly shorter than that of their controls, accounting for only 75% of the controls.
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Figure 1. P. indica colonization in roots of strawberry cutting seedings. (a) Inoculation solution of
P. indica; (b) Typical strawberry daughter plants used in this study; (c) Root cells without P. indica
colonization; (d) Root cells with P. indica colonization.

Table 1. Effects of P. indica on the growth-related parameters of ‘Benihoppe’ and ‘Sweet Charlie’
daughter plants. CK: noncolonized control strawberry daughter plants; Pi: P. indica colonized
strawberry seedlings; ‘*’ represents that the difference between P. indica colonized and noncolonized
strawberry seedlings was significant (Student’s t-test, *, p < 0.05; n = 8).

Growth Parameters
Benihoppe Sweet Charlie

CK Pi CK Pi

Above-ground fresh weight (g) 2.91 ± 0.50 4.29 ± 0.55 * 4.36 ± 0.74 5.92 ± 1.25 *
Root fresh weight (g) 3.11 ± 0.51 4.45 ± 0.50 * 4.08 ± 0.91 5.44 ± 0.69 *
Above-ground dry weight (g) 0.79 ± 0.12 1.18 ± 0.15 * 1.08 ± 0.15 1.37 ± 0.19
Root dry weight (g) 0.54 ± 0.10 0.83 ± 0.13 * 0.74 ± 0.13 1.03 ± 0.20 *
Petiole length (cm) 7.65 ± 1.51 10.63 ± 0.71 * 9.86 ± 1.94 11.33 ± 1.23
Leaf area (cm2) 22.57 ± 1.94 25.97 ± 1.08 * 24.84 ± 1.60 23.04 ± 1.41
Plant height (cm) 13.63 ± 1.51 15.91 ± 0.62 * 15.05 ± 0.99 16.45 ± 1.68
Root length (cm) 18.08 ± 1.71 15.5 ± 1.43 17.88 ± 1.95 13.48 ± 0.91 *
Root number 6.60 ± 0.93 10.80 ± 2.27 * 10.00 ± 2.10 10.20 ± 1.33
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Figure 2. Typical phenotypes of P. indica colonized and noncolonized control strawberry daughter
plants at 50 days post P. indica inoculation. (a,b) Typical phenotypes of ‘Benihoppe’ daughter plants;
(c) P. indica colonized and noncolonized control ‘Benihoppe’ daughter plants; (d) P. indica colonized
and noncolonized control ‘Sweet Charlie’ daughter plants.

3.3. Effects of P. indica on Photosynthetic Pigments Accumulations in Leaves of Strawberry
Daughter Plants

It was noticed that the leaves of P. indica colonized ‘Benihoppe’ and ‘Sweet Char-
lie’ daughter plants were both a deeper green color than their corresponding controls
(Figure 3). To explore the possible mechanism underlying this event, contents of chloro-
phyll a, chlorophyll b, total chlorophyll and carotenoids in the leaves of P. indica colonized
and noncolonized daughter plants of the two varieties were measured. The contents of
chlorophyll a, chlorophyll b, total chlorophyll and carotenoids in leaves of P. indica colo-
nized ‘Benihoppe’ daughter plants were all found to be very significantly higher than those
of their corresponding controls (p < 0.01), and the chlorophyll a/chlorophyll b ratio in the
leaves of P. indica colonized ‘Benihoppe’ daughter plants was found to be very significantly
lower than that in the control group (Figure 3a) (p < 0.01).

In P. indica colonized ‘Sweet Charlie’ daughter plants, the chlorophyll b content was
also found to be significantly higher than that of their controls (p < 0.05, accounting for 1.16-
fold of the control group), and the total chlorophyll content was very significantly higher
than that of control group (p < 0.01, accounting for 1.07-fold of the control group). The
chlorophyll a/chlorophyll b ratio in leaves of P. indica colonized ‘Sweet Charlie’ daughter
plants was also very significantly lower than that of the control group (p < 0.01). However,
no significant difference in chlorophyll a and carotenoid content was identified between
the P. indica colonized and nonconlonized ‘Sweet Charlie’ daughter plants (Figure 3b).
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Figure 3. The influences of P. indica on the leaf color and photosynthetic pigments content in straw-
berry leaves. (a) The photosynthetic pigments content in leaves of strawberry variety ‘Benihoppe;’
(b) The photosynthetic pigment contents in leaves of strawberry variety ‘Sweet Charlie.’ Values were
presented as mean ± SD (standard deviation) of three replications. *, p < 0.05; **, p < 0.01.

3.4. Effects of P. indica on Nitrate Reductase Activity and Root Activity

To further explore how the P. indica colonization promoted the growth of the strawberry
daughter plants, the leaf nitrate reductase activity and root activity of the P. indica colonized
and noncolonized control ‘Benihoppe’ and ‘Sweet Charlie’ daughter plants were measured
and compared at 50 days post the fungus inoculation. The results showed that the leaf
nitrate reductase activities of P. indica colonized ‘Benihoppe’ and ‘Sweet Charlie’ daughter
plants were both found to be very significantly higher than those of their corresponding
controls (p < 0.01) (Figure 4a), accounting for 1.3- and 1.12-fold of their controls, respectively
(Figure 4a). Similarly, the root activities of the ‘Benihoppe’ and ‘Sweet Charlie’ seedlings
were also found to be very significantly increased by P. indica colonization (p < 0.01), which
was 21.85% and 21.16% higher than their corresponding controls, respectively (Figure 4b).
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Figure 4. The influences of P. indica on the leaf nitrate reductase activity and root activity of strawberry
daughter plants. (a) Leaf nitrate reductase activities of P. indica colonized and noncolonized strawberry
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plants. Values were presented as mean ± SD of three replicates. **, p < 0.01.

4. Discussion

As an important economic horticultural crop, the annual fruit yield of strawberry
plants ranks the first among all the berries [14], and its fruits are greatly valued by people
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from around the world for their great flavor and high nutrition. Seedling breeding and pro-
duction is critical for the healthy and sustainable development of the strawberry industry.
As a main source of strawberry propagation materials, the rooting condition and growth
of daughter plants greatly influences the production of strawberry fruit. The endophytic
fungus P. indica has been used in tissue-cultured strawberry seedlings, and its colonization
has shown significant growth-promoting effects [19,20]. In this study, we investigated the
influences of this beneficial fungus on the growth of the daughter plants of two strawberry
varieties, ‘Benihoppe’ and ‘Sweet Charlie.’ The obtained results were as follows.

4.1. Colonization of P. indica Promoted the Growth of Strawberry Daughter Plants, and Its
Promoting Effects Varied in Different Varieties

Extensive evidence has demonstrated that P. indica colonization in the root system of
host plants can not only promote rooting, but also stimulate the growth and development
of the above-ground plant parts. In horticultural crops, the inoculation of P. indica has been
confirmed to have the ability to increase biomass accumulations of many woody plants,
such as Feronia limonia [28], Azadirachta indica [29] and trifoliate orange [30,31], as well as
herbaceous crops such as bananas [32], sweet potatoes [33] and tomatoes [34]. Generally,
the plant root promoting effect of P. indica can be achieved by increasing the length and
number of roots [35]. However, according to the previous reports on strawberries, P. indica
colonization would increase the biomass, but inhibit the root elongation of strawberry
plants [19]. In our present study, we also found that P. indica colonization significantly
increased the above-ground and root biomass of two strawberry varieties, indicating that
the fungus could promote the growth of strawberry seedlings. Consistent with previous
reports [19], the suppression of strawberry root elongation caused by P. indica colonization
was also found in the two strawberry varieties. However, P. indica colonization significantly
improved the root number, root weight and root activity of strawberry daughter plants.
These results suggested that, although the fungus inhibited root elongation, the root
biomass, volume and activity were greatly heightened.

Moreover, we found that the fungus colonization improved almost all the growth-
related parameters of the ‘Benihoppe’ daughter plants, but for the ‘Sweet Charlie’ variety,
only three parameters, including above-ground fresh weight, root fresh weight and root
dry weight, were found to be significantly increased by the fungus. Thus, it was suggested
that the growth-promoting effects of P. indica varied among different strawberry varieties.

4.2. P. indica Colonization Significantly Induces the Accumulation of Photosynthetic Pigments in
Strawberry Leaves

Photosynthetic pigments are important substances involved in plant photosynthesis.
Moreover, the content of photosynthetic pigments is often considered as an important
indicator of plant health status. Accumulating evidence has shown that P. indica colo-
nization could increase chlorophyll content in host plants such as bananas [32], sweet
potatoes [33], and rice [36]. In this study, we found that the leaf color of P. indica colonized
strawberry seedlings was an obviously deeper green than the noncolonized controls. By
measuring the contents of chlorophyll a, chlorophyll b, total chlorophyll and carotenoids,
we found that the leaf chlorophyll content of P. indica colonized strawberry seedlings was
significantly higher than that of the control group. This suggested that P. indica colonization
enhanced the photosynthesis ability of strawberries by increasing their photosynthetic
pigments contents.

4.3. P. indica Colonization Enhanced the Nutrient Uptake Ability of Strawberry Daughter Plants

The growth-promoting effects of P. indica were reported to be achieved by enhancing
the nutrient uptake ability of host plants to absorb sufficient mineral substances from the
soil [37,38]. It was reported that P. indica could increase the nitrogen content in plants,
as well as enhance the expression of the nitrate reductase gene [39]. In this study, the
nitrate reductase activity in the leaves of P. indica colonized strawberry seedlings was
identified to be significantly higher than in the noncolonized controls, indicating that
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P. indica colonization enhanced the nitrogen assimilation ability of strawberry daughter
plants. Additionally, the root activity was also found to be very significantly upregulated
by P. indica colonization in daughter plants of both the two strawberry varieties. Therefore,
it could be concluded that the growth-promoting effects of P. indica on strawberry daughter
plants, to some extent, were achieved by enhancing the nutrient uptake ability in both the
root and above-ground parts of the strawberry plants.

Increasing evidence has confirmed that P. indica has a tremendous potential to be
used as a production improvement agent, mycofertilizer and biotizer [12,40,41]. Given the
enhancement effect of P. indica on the nutrient uptake ability of strawberry daughter plants,
we deduced that the fungus colonization in strawberry roots or the addition of this fungus
to the strawberry culture substrates might be helpful in promoting strawberry seedling
growth and may contribute to decreasing the usage of chemical fertilizer during strawberry
culture in the future.

5. Conclusions

P. indica colonization showed significant growth-promoting effects on strawberry
daughter plants. From the aspect of the root, although the fungus colonization shortened
the root length to some extent, it significantly increased the root number, upregulated the
root activity and promoted nutrient uptake ability of the root system of strawberry daughter
plants. From the aspect of the above-ground plant parts, P. indica colonization stimulated
the accumulation of photosynthetic pigments and increased the nitrate reductase activity
in strawberry leaves, thus enhancing the photosynthesis and nitrogen assimilation capacity
of strawberry seedlings. Our study indicated that P. indica had great potential to be used in
the strawberry industry, especially in daughter plant breeding.
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30. Yang, L.; Zou, Y.N.; Tian, Z.H.; Wu, Q.S.; Kuča, K. Effects of beneficial endophytic fungal inoculants on plant growth and nutrient
absorption of trifoliate orange seedlings. Sci. Hortic. 2021, 277, 109815. [CrossRef]

31. Meng, L.L.; Liu, R.C.; Yang, L.; Zou, Y.N.; Srivastava, A.K.; Kuča, K.; Hashem, A.; Abd-Allah, E.F.; Giri, B.; Wu, Q.S. The change
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