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Abstract: The role of arbuscular mycorrhizal fungi in sweet oranges is well known, but the function of
their secondary metabolite, especially the easily extractable glomalin-related soil protein (EE-GRSP), an
active fraction of glomalin, is still unclear. The proposed study aimed to analyze the field response of
foliar application of exogenous EE-GRSP on tree mycorrhizal development and fruit quality of two sweet
orange (Citrus sinensis L. Osbeck) varieties viz., Lane Late Navel (LLN) and Rohde Red Valencia (RRV).
Application of EE-GRSP significantly increased the root mycorrhizal colonization and soil mycorrhizal
hyphal length in both the sweet orange varieties. The external quality of fruits (fruit weight, polar
diameter, and equatorial diameter) also improved in response to foliar application of EE-GRSP in both
sweet orange varieties. However, EE-GRSP treatment showed no change in fruit soluble solid content,
while it increased the Vc content, solids-acid ratio, fructose, glucose, and sucrose content of sarcocarp in
the two sweet oranges varieties. The LLN variety treated with EE-GRSP recorded significantly higher
N, P, K, Fe, and Si content of sarcocarp as a mark of nutritional quality, while the RRV variety treated
with EE-GRSP displayed a higher concentration of nutrients like Cu, Fe, Si, and Zn in the sarcocarp as
compared with the corresponding non-treated control. To the best of our knowledge, this is the first
report regarding the improvement in fruit quality of late-ripening sweet oranges (especially LLN) in
response to foliar application of EE-GRSP as another potential biostimulant.
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1. Introduction

Citrus is an evergreen commercially grown tree with worldwide and substantial trade
and tariffs. The Three-Gorge reservoir region in China is an advantageous region for sweet
orange cultivation. In recent years, late-ripening varieties of sweet oranges have been
planted on a large scale in order to stretch out the ripening period and to solve the problem
of the low market price of sweet oranges due to the surplus arrival of fruits in the market.

Arbuscular mycorrhizal fungi (AMF), are a kind of beneficial soil microorganisms
that inhabit the rhizosphere of citrus trees [1,2] and colonize the root cells of the host plant,
thereby, establishing a mutualistic relationship [3]. Earlier studies have shown that AMF
inoculation improved plant growth and nutrient acquisition of potted trifoliate orange and
fruit quality of Ponkan mandarin in the field through developed mycorrhizal extraradical
hyphae and improved root hairs [4-6]. Another feature of AMF is to enhance drought
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tolerance in citrus through the regulation of fatty acid composition, polyamine metabolism,
root-hair changes, hormone balance, etc. [4,7-9]. However, the field application of AMF in
citrus groves is considered impractical and not feasible since in-vitro propagation of AMF
on a large scale is still not possible for field application [10].

The spores and mycelium of AMF release a recalcitrant (hydrophobic and heat-stable)
glycoprotein, called glomalin deposited into the soil (defined as glomalin-related soil
protein, GRSP) [11]. Among them, easily extractable glomalin-related soil protein (EE-
GRSP) is comparatively newly produced and more active in GRSP fractions [12]. GRSP is
reported to be highly efficient in cementing soil aggregates and maintaining soil aggregate
stability, thereby reducing the water and nutrient loss under a stress environment [13,14].
GRSP is a component of soil organic matter, contributing 4-23% of the total soil organic
carbon in various soils [15,16], and accounted for the soil nitrogen pool representing 34%
of soil total N in citrus orchards [17]. Purified GRSP contained H, O, S, K, P, Ca, Si, Fe, Cu,
and Mg elements [18]. The nutrients like K, Ca, and Si are associated with the development
of fruit quality [19-21]. For example, foliar K fertilization obviously increased the sugar
content of strawberry fruits [19]. Exogenous Si and B treatment elevated the vitamin C
content and maintained longer shelf life and flesh firmness of cherry tomato fruits [20,21].
These observations imply that GRSP might have a benefit on fruit quality, however, at
present, there is no such direct field evidence.

In the past, we attempted to apply EE-GRSP as a soil/plant regulator in improving
plant growth and soil properties in citrus. Exogenous EE-GRSP with a 1/2 strength exhib-
ited positive effects on soil aggregation and plant growth of potted trifoliate orange [22].
Later, Chi et al. [23] observed that trifoliate orange plants treated with EE-GRSP had greater
drought tolerance than non-treated plants. Wu et al. [24] observed that exogenous EE-GRSP
increased the soil organic carbon content, enhanced soil aggregate stability, and elevated
soil phosphatase activities in Satsuma mandarin. Such results provided new insights for
more extensive research on exploring GRSP as an important plant/soil regulator in citrus.

Earlier studies have been conducted using AMF inoculation on fruit trees such as
citrus, strawberry, and grape to analyze the effect on fruit quality [5,25,26]. The inoculation
with Funneliformis mosseae and mixed AMF on Ponkan mandarin improved the fruit size,
fruit coloration value, and fruit P, Mn, and Fe content to varying degrees [5]. The grape
inoculated with Rhizophagus intraradices showed greater soluble solids and anthocyanin
content of fruits [25]. In strawberry, Glomus intraradices improved the phenolic acid content
of fruits, such as gallic, p-coumaric, ferulic, and ellagic acid [26]. These results showed a
positive benefit of AMF on fruit quality. Whether GRSP, a secondary metabolite of AMEF, has
similar benefits to AME, is not still known. With these evidence-based benefits (e.g., rich in
various mineral elements) of GRSP, we hypothesized that exogenous GRSP could be helpful
in improving the nutritional quality of fruits along with other fruit quality parameters.
This was the basis of the proposed field experimentation using two late-ripening varieties
of sweet oranges, and the information on these lines is very limited.

2. Materials and Methods
2.1. Experimental Setup

The experiment was conducted in a citrus orchard (31°8' N, 110°46’ E, 200 m) located
at Xiakou town, Xingshan county, carrying Lane Late Navel (Citrus sinensis L. Osbeck)
(LLN) and Rohde Red Valencia orange (C. sinensis L. Osbeck) (RRV) grafted on trifoliate
orange (Poncirus trifoliata L. Raf.) in a 3 x 4 m inter-planting spacing on Xanthi-Udic
Ferralsols (FAO system). The experimental site was located in the Three Gorges Region,
featuring subtropical continental monsoon climate. The physico-chemical properties of
the soil consisted of: pH 5.7, organic matter 13.1 g/kg, Olsen-P 27.1 mg/kg, NH;OAc-K
156.2 mg/kg, and KMnO4-N 98.3 mg/kg.

The experiment consisted of a 2 x 2 factorial design involving two exogenous EE-
GRSP treatments and two sweet orange varieties (LLN and RRV). A total of four treatments
replicated five times were arranged in a completely randomized block design. Each block
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as a replicate had three trees, resulting in a total of 60 trees. The application of EE-GRSP was
begun on 8 August 2018. The over-ground part of citrus trees was sprayed with designed
EE-GRSP solution (1 L per tree), while the control trees were sprayed with the same amount
of 20 mM citrate buffers (pH 7.0). An 8 m distance between treated tree blocks and control
tree blocks was maintained to avoid cross-contamination. The spray was repeated three
times at fortnightly intervals coinciding with fruit set to fruit developmental stages. The
fruits from treated and non-treated trees were harvested at physiological maturity (LLN
and RRV harvested on April 15, 2019 and May 10, 2019, respectively). Twenty fruits,
uniform in size, free from sunburn, cracks, and diseases were selected from each tree,
covering different directions for onward fruit quality analysis. The fine roots and the
rhizospheric soil of 5-15 cm soil depth were collected at the commercial maturity of fruits.

2.2. Preparation of Exogenous EE-GRSP Solution

To extract EE-GRSP, the soil from a 28-yr-old Satsuma mandarin (C. unshiu Marc. cv.
Guoging No. 1) grafted on trifoliate orange located on the Yangtze University campus
(Jingzhou, China) (30°36’ N, 112°14’ E, 36 m) was selected. The soil was classified as the
Xanthi-Udic Ferralsols and characterized as pH 6.2, Olsen-P 15.1 mg/kg, and soil organic
carbon 9.9 g/kg. The soil was sieved through 4 mm sieve after air-drying. The extraction
of EE-GRSP was carried out by following the protocol described by Wu et al. [12]. A 1-g
soil sample was mixed with 8 mL 20 mM citrate buffers (pH 7.0), autoclaved for 30 min
at 121 °C and 0.11 MPa, and centrifuged at 10,000 g/min for 5 min. Such supernatant
was collected continuously and repeatedly up to the amount of 45 L, which was used as
the stock solution of exogenous EE-GRSP. The protein concentration (16 mg protein/L)
in the stock solution was measured as per Bradford [27] assay. The collected EE-GRSP
supernatant was stored at 4 °C, ready to use if necessary. The original EE-GRSP was
diluted with equal volume of 20 mM citrate buffer (pH 7.0), which was prepared as applied
exogenous EE-GRSP solution used for field evaluation [22,23].

2.3. Measurements of Variables

Arbuscular mycorrhizal colonization of roots and mycorrhizal hyphal length of soil
were assayed by the methods described by Phillips and Hayman [28] and Bethlenfalvay
and Ames [29], respectively.

The fruit weight of single fruit was determined by an electronic balance, and the fruit’s
horizontal and vertical diameter was determined by a digital vernier caliper (111-101B,
Guilin Guanglu Measuring Instrument Co., Ltd., Guilin, China). The coloration value of
the fruit peel was measured by a colorimeter (CR10, Konica Minolta Inc., Tokyo, Japan).
The total soluble solid content was analyzed by a portable refractometer (WYT-4, Shanghai,
China). Titratable acidity and vitamin C (Vc) contents in fruit juices were determined using
the indicator-based titration method [30] using 0.1 mol/L NaOH-methylene blue indicator
and 2,6-dichloroindophenol titration method [31], respectively.

After removing the fruit peel, the fresh sarcocarp was oven-dried, ground, and finally
digested in HySO4—H,O, for the analysis of mineral element contents. The concentration
of mineral elements such as P, K, Mg, Cu, Fe, Si, and Zn was measured with the help of an
ICP Spectrometer (IRIS Advantage 1000, Thermo Jarrel Ash, Franklin, MA, USA). The N
content was determined following the procedure as suggested by Zhao et al. [32] using an
electrochemical analyzer (Smartchem 200, Scientific Instruments Limited, Weston, FL, USA).

Sucrose, glucose, and fructose contents of oven-dried sarcocarp were determined
according to the method described by Wu et al. [33].

2.4. Statistical Analysis

The experimental data were processed using two-factor analysis of variance (ANOVA)
in SAS (v8.1) (SAS Institute, Inc., Cary, NC, USA), and Duncan’s multiple range test was
used to compare the significance between treatments at p < 0.05.
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3. Results and Discussion
3.1. Responses on Mycorrhizal Growth

Both LLN and RRV varieties were colonized by indigenous AMF. Application of exogenous
EE-GRSP significantly increased the root AMF colonization of LLN and RRV by 88% and 140%,
respectively, with a corresponding increase in soil hyphal length by 188% and 109% (Table 1).
Schindler et al. [34] reported that GRSP contained aromatic hydrocarbons (42-49%), carboxyl car-
bon (24-30%), low fat (4-11%), and typical carbohydrates (4-16%). These C-containing substances
are highly beneficial for AMF growth, because AMF requires C from the host plant [35].

Table 1. Application response of exogenous EE-GRSP on root mycorrhizal colonization and mycorrhizal length within the

mycorrhizosphere of late-ripening sweet oranges grafted on trifoliate orange.

Sweet Orange Variety EE-GRSP Treatments Root AMF Colonization (%) Soil Mycorrhizal Length (cm/g Soil)
LLN EE-GRSP 38.02 £ 0.09a 10.02 +£ 0.46¢
Non-EE-GRSP 20.23 4 0.19¢ 3.48 4 0.09d
RRV EE-GRSP 33.89 £ 0.15b 26.20 & 0.58a
Non-EE-GRSP 14.10 £ 0.07d 12.51 £ 0.25b
Significance
EE-GRSP treatments ** **
Sweet orange varieties ** **

Interaction

Data (means + SD, n = 5) followed by different letters in the column indicate significant differences (p < 0.05) between treatments. ** p < 0.01.
LLN and RRV correspond to Lane Late Navel and Rohde Red Valencia, respectively.

3.2. Responses on External Fruit Quality Parameters

Our study showed that foliar treatment of EE-GRSP affected external and internal
fruit qualities (Table 2). Compared with non-EE-GRSP-treated trees, EE-GRSP-applied trees
exhibited 21.0 and 21.5% significantly higher fruit weight, 10.2 and 5.6% higher fruit polar
diameter, and 10.3 and 5.2% higher fruit equatorial diameter of LLN and RRYV, respectively,
suggesting that exogenous EE-GRSP improved the fruit size, regardless of tested varieties.
Sui et al. [36] earlier reported an increase in fruit weight of Citrus sinensis following the
inoculation of Funneliformis mosseae. Since EE-GRSP is a secondary metabolite of AMF [16],
an increase in fruit size and weight could be expected with exogenous EE-GRSP treatment.
In addition, GRSP contains a K element [18] that promotes peel cell growth and, thus, is
supposed to contribute to fruit enlargement. The coloration value of fruits in physiological
maturity was enhanced by the treatment with EE-GRSP in RRV, but not in LLN, indicating
that the response of fruit coloration to EE-GRSP is predominantly variety-dependent. In
addition, the two late-ripening varieties experienced flowering and fruiting together before
the commercial harvesting period. The number of flowers and climatic conditions also affect
the fruit coloration, resulting in the fluctuation in fruit color development. Thus, more in-depth
analysis work is needed to undertake to study the response of EE-GRSP application on the
spatio-temporal variation of fruit coloration. Zhang et al. [18] observed 0.28-0.59% K content
in purified EE-GRSP in low and high salinity soil. The exogenous EE-GRSP application,
therefore, supplies sufficient foliar K. Earlier studies confirmed that foliar application of K as
KNOj3 and K;SOy increased the fruit weight and fruit size of Clementine mandarin [37].

3.3. Responses on Internal Fruit Quality Parameters

EE-GRSP also produced a significant response on changes in internal quality parameters
of fruits (Table 3). Although foliar EE-GRSP application, to some extent, increased the soluble
solid content, the effect was not significant at the 5% level in LLN and RRV varieties (Table 3).
However, the LLN variety treated with EE-GRSP recorded a significantly lower titratable
acidity in fruits and higher Vc content as compared with non-treated LLN, while, the foliar
treatment of EE-GRSP significantly increased the titrable acidity and reduced the Vc content of
fruits of RRV. This suggested that exogenous EE-GRSP accelerated the degradation of organic
acids (e.g., citric acid) in LLN fruits, while it increased organic acid contents in RRV fruits. The
effect on organic acids was dependent on varieties; the underlying mechanism is unknown.
We speculated that the mechanism could be related to the change in the enzymes associated
with organic acid synthesis or degradation caused by EE-GRSP [38].
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Table 2. Application response of exogenous EE-GRSP on the external fruit quality parameters of late-ripening sweet oranges.
Sweet Orange Variety TEE;&{E?]I:S Fn(lgl/tF‘lr\{lellght Coloration Value Polar(glilasneter Digg%ﬁgra;lm)
LLN EE-GRSP 228.50 + 3.61a 78.34 + 2.84a 74.8 + 0.9a 78.01 + 0.65a
Non-EE-GRSP 188.79 £ 6.81b 79.79 + 1.88a 67.9 + 0.8b 70.70 £ 0.68b
RRV EE-GRSP 157.62 £+ 3.53¢ 73.83 + 2.64b 65.6 + 0.8¢ 65.28 + 0.64c
Non-EE-GRSP 129.75 +2.99d 70.94 + 2.09¢ 62.1 + 0.4d 62.03 £ 0.71d
Significance
EE-GRSP treatments ** * ** **
Sweet orange varieties ** ** o **
*3k *F 3% *3

Interaction

Data (means =+ SD, n = 5) followed by different letters in the column indicate significant differences (p < 0.05) between treatments. * p < 0.05;
**p <0.01. LLN and RRV correspond to Lane Late Navel and Rohde Red Valencia, respectively.

An analysis of the changes in solids—acid ratio showed that foliar EE-GRSP application
increased solids—acid ratio by 30.4% in LLN without any significant response in RRV. These
observations showed that the application of EE-GRSP improved Vc content, titrable acidity,
and solids—acid ratio of fruits, depending upon the type of citrus varieties. The purified
EE-GRSP is reported to contain a variety of nutrients comprising K, P, S, Cl, Na, Ca, Mg, Zn,
Fe, Cu, Si, and Al [18], out of which the role of K in the development of fruit quality and
the transport and conversion of assimilates is extensively documented [19,39]. Foliar spray
with Ca and Si improved the internal fruit quality of fruits and vegetables [20,21]. Therefore,
EE-GRSP, by virtue of different mineral elements, therefore, offers a promising alternative
to regulating the internal fruit quality parameters, with some varietal response preferences.

Foliar spray with EE-GRSP significantly increased different forms of sugars, viz.,
sucrose, fructose, and glucose content by 30.4, 10.2, and 21.4% higher in LLN, with a
corresponding increase of 14.6, 15.5, and 33.2% in RRV over control (Table 3). Zhang et al. [8]
observed higher leaf chlorophyll concentration coupled with a greater photosynthetic rate
of mycorrhizal versus non-mycorrhizal trifoliate orange. The K enrichment of GRSP [18]
and superior mycorrhizal development of EE-GRSP-treated sweet orange trees (Table 1),
therefore, provided higher sugar concentrations than untreated fruits.

3.4. Responses on Mineral Composition of Fruit Pulp

The foliar application of EE-GRSP altered the concentration of different mineral
elements in fruit pulp of LLN and RRV to varying proportions (Table 4). Foliar spray of
exogenous EE-GRSP significantly increased N, P, K, Fe, and Si content in fruit pulp of LLN
variety by 20.5,77.7,9.9, 32.5, and 12.9%, respectively, coupled with the reduction in Cu and
Zn content by 16.6 and 12.4%, compared with non-EE-GRSP treatment. While the response
of the RRV variety to the application of EE-GRSP showed a distinct increase of 78.0% in
Cu, 47.2% in Fe, 39.8% in Si, and 19.0% in Zn content, but was associated with a 32.0%
lower N content than non-treated fruits, suggesting a differential nutrient accumulation
pattern in two sweet orange varieties in response to foliar application of EE-GRSP. GRSP
contains various elements such as N, C, K, Si, and Fe [16-18]. Therefore, the application
of exogenous EE-GRSP could deposit some of these elements into the pulp, while the
underlying mechanisms are yet not clearly elucidated. Sweet orange trees treated with
EE-GRSP had superior mycorrhizal networking inside the root system, which provided a
pathway through the hyphal network for developing a parallel nutrient sink for fruits [8].
Earlier studies showed that AMF inoculation promoted the K and Cu concentration of
strawberry fruits and the P, Mn, and Fe content of Ponkan mandarin fruits [5,26], providing
some valid clues to try out the foliar application of GRSP to stimulate the mycorrhizal
development vis-a-vis root system for improved fruit quality. In addition, the weight of
single fruit of LLN and RRV treated with EE-GRSP increased significantly, which resulted
in a dilution effect on some elements (e.g., Cu in LLN fruits and N in RRV fruits), and
thus, the decrease in these elements was observed after EE-GRSP application. Of course,
the content of mineral elements in fruits fluctuated with the year and season [40]. The
experiment was carried out for one year, and more results on year and citrus varieties are
needed to support such observations.
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Table 3. Application response of exogenous EE-GRSP on the internal fruit quality parameters of late ripening sweet oranges.

Sweet Oranges EE-GRSP Vc Content Soluble Solid Titrable Acidity Solids-Acid Ratio Sucrose Fructose Glucose
Treatments (mg/g) Content (%) (%) (mg/g DW) (mg/g DW) (mg/g DW)

LLN EE-GRSP 4.80 4+ 0.03a 13.16 = 0.31a 0.35 4 0.04d 38.15 + 2.27a 135.26 4+ 2.03b 462.66 + 5.36¢ 86.06 + 1.96a

Non-EE-GRSP 4.17 4+ 0.04b 12.58 £ 0.48a 0.44 4 0.06¢ 29.25 + 1.01b 103.73 &+ 0.90c 419.68 + 3.38d 70.91 4+ 1.50c

EE-GRSP 3.74 4 0.04c 10.41 £ 0.44b 2.89 4 0.02a 3.61 & 0.16¢ 154.21 + 4.54a 613.75 £ 5.17a 81.85 + 1.49b

RRV Non-EE-GRSP 4.18 4+ 0.03b 10.09 £ 0.66b 2.67 4+ 0.05b 3.77 + 0.26¢ 134.54 4+ 3.90b 531.45 + 5.96b 61.45 + 1.28d

Significance

EE-GRSP treatments ot * i * i ok **
Sweet orange varieties i ** i ** i i i
Interaction ** NS ** ** ** ** d

Data (means + SD, n = 5) followed by different letters in the column indicate significant differences (p < 0.05) between treatments. NS, not significant; * p < 0.05; ** p < 0.01. LLN and RRV correspond to Lane Late

Navel and Rohde Red Valencia, respectively.

Table 4. Application response of exogenous EE-GRSP on the mineral composition of fruit pulp of late-ripening sweet oranges.

EE-GRSP

Sweet Oranges Treatments N (g/kg) P (g/kg) K (g/kg) Cu (mg/kg) Fe (mg/kg) Si (mg/kg) Zn (mg/kg)
LLN EE-GRSP 747 £0.28b 2.47 £ 0.14a 12.88 + 0.14a 208.90 + 1.33¢ 4472 £ 0.71a 15.38 £+ 0.50b 47.15 £ 0.59d
Non-EE-GRSP 6.20 £ 0.21c 1.39 + 0.09¢ 11.72 + 0.09b 250.60 + 2.40b 33.75 £ 0.47b 13.62 + 091c 53.83 £ 1.27¢
RRV EE-GRSP 5.69 £ 0.24d 1.53 + 0.07b 12.88 + 0.07a 305.07 + 1.52a 32.92 £ 0.59¢ 16.84 & 0.96a 72.67 £ 0.46a
Non-EE-GRSP 8.37 £ 04la 1.60 = 0.05b 12.86 + 0.05a 171.42 +1.60d 22.37 £0.57d 12.05 £ 0.10d 61.09 £ 0.61b
Significance

EE-GRSP treatments * ** * ** o * *

Sweet orange varieties ** ** * ** * ** *

Interaction * ** * ** NS ** **

Data (means & SD, n = 5) followed by different letters in the column indicate significant differences (p < 0.05) between treatments. NS, not significant; * p < 0.05; ** p < 0.01. LLN and RRV correspond to Lane Late

Navel and Rohde Red Valencia, respectively.
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4. Conclusions

Our study first revealed that exogenous EE-GRSP application strongly improved the
external fruit quality of two late-ripening varieties of sweet oranges (LLN and RRV), along
with the increase in fructose, glucose, and sucrose contents and Si and Fe contents of fruits.
The beneficial effect of exogenous EE-GRSP was more pronounced with LLH than with RRV,
due to higher root and soil mycorrhizal growth induced by EE-GRSP in the LLH variety.
Our field studies provided strong database evidence about the possible role of exogenous
EE-GRSP as a natural source of nutrients and other biostimulants as well in improving
the nutritional qualities of late-ripening sweet oranges, especially the LLN variety. The
extraction process of EE-GRSP is very simple, the materials used, including soils and citric
acid buffer, are inexpensive, and the instruments used are mainly refrigerated centrifuges
and autoclaves. Therefore, EE-GRSP could be a very high economic value biostimulant in
the next few years. The application of EE-GRSP should gain more attention from researchers
worldwide to test this concept in other fruits and citrus at different ripening stages.
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