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Abstract: Cross-pollination can improve the fruit set and quality of blueberry (Vaccinium spp.) for
growers and consumers. However, the xenia effect in southern highbush blueberry remains unclear.
Therefore, we selected eight cultivars of southern highbush blueberry (Vaccinium corymbosum L.,
interspecific hybrids) and applied pollination treatments (i.e., artificial self-pollination, artificial polli-
nation with mixed pollen, or artificial pollination with individual cultivar pollen) to explore the xenia
effects on the fruit set and quality of ‘O’Neal’ and ‘Emerald’. Pollen viability tests indicated that all of
the cultivars are capable of fertilization. The highest fruit set came from ‘Bluerain’ pollen for ‘O’Neal’,
while ‘Gulfcoast’ pollen increased fruit set the most in ‘Emerald’. Principal component analysis
revealed that the cross combinations ‘Emerald’ × ‘Gulfcoast’ and ‘O’Neal’ × ‘Gulfcoast’ optimized
the external and interior quality of the fruit. SSR was applied to determine which pollen source
yielded the most seedlings. Results indicated that ‘Emerald’ × ‘Gulfcoast’ and ‘O’Neal’ × ‘Bluerain’
increased seedling production. Our results demonstrate that the xenia effects of ‘Gulfcoast’ pollen
may increase ‘Emerald’ yields and promote fruit quality, while pollen from ‘Bluerain’ or ‘Jewel’ can
improve ‘O’Neal’ fruit quality and seed number. Hence, these cross combinations may be utilized in
blueberry production to increase fruit set, yield, and quality.

Keywords: southern highbush blueberry; fruit set; principal component analysis; seed number; SSR

1. Introduction

The xenia effect is the influence of pollen on the resultant seed and fruit characteristics
after fertilization. Xenia effects have been shown to improve the quality of apple (Malus
sieversii Roem.), Korla fragrant pear (Pyrus sinkiangensis Yu), mango (Mangifera indica L.),
litchi (Litchi chinensis Sonn.) [1–4], and macademia (Macadamia integrifolia) [5]. Changes in
fruit ripening time and set, as well as quality characteristics including weight, size, color,
shape, and flavor are also influenced by xenia [6]. Xenia also affects the size and color of
seeds [7]. Certain peony (Paeonia ostii T. Hong and J. X. Zhang) crosses show increases in
fruit set, seed volume, and seed weight due to xenia [8]. The pollen genotype changes
the embryo and endosperm during fertilization, thus affecting seed germination through
the double-fertilized tissue (embryo or endosperm), which has been termed “double-
fertilization xenia” [9], the first type of xenia.

Blueberry (Vaccinium spp.) is a popular fruit with potential health benefits [10] and
greater nutrient levels may be achieved by cross-pollination [11]. However, the topic of
xenia in blueberries has received little research. To date, researchers have investigated
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xenia effects on blueberry fruit ripening time, fruit size, single-fruit weight, and external
appearance [12–14]. Only in rabbiteye blueberry (‘Premier’) has xenia been found to affect
interior quality attributes such as soluble solid content and anthocyanin content (ACY),
with xenia effects manifesting at different stages after fertilization [15]. This specific type
of xenia is classified as “non-double-fertilization xenia” [9], the second type of xenia. A
third type of xenia is “combined xenia”, which refers to the phenomenon whereby the
pollen transfers genetic information through the double-fertilized tissue and changes the
resultant fruit quality attributes [9]. The information surrounding xenia effects on southern
highbush blueberry (SHB) is lacking and could be utilized to inform planting designs for
optimal pollination and fruit quality.

Important fruit quality attributes for blueberry are generally reflected in soluble solids’
content, fruit weight, and antioxidant capacity, and are generally represented through
anthocyanin values [16]. Although the fruit quality of highbush blueberries can be changed
through the adoption of organic practices [16], increased light quality [17], treatment with
plant growth regulators, and exposure to ethylene postharvest [18,19], the pollinizer (i.e.,
pollen source) can potentially change fruits’ antioxidant content. In northern highbush
blueberry (Vaccinium corymbosum L.), fruit size has been shown to be highly correlated with
ACY [20]. Analysis of fruit from the northern highbush blueberry ‘Draper’ × southern
highbush ‘Jewel’ showed that fruit color was positively correlated with ACY, while firmness
was negatively correlated with ACY [21]. However, not all blueberry cross combinations
produce better fruit. ‘O’Neal’ pollen may not improve fruit quality, even though it increases
the number of mature seeds [22]. Interplanting with other cultivars sharing a similar bloom
time promotes cross-pollination and has been found to increase yields among 13 SHB
cultivars [14]. More cross combinations need to be designed in order to produce blueberries
with an improved fruit quality.

Planting single cultivars in the same location or area facilitates self-pollination. In-
terplanting multiple cultivars improves the chances of cross-pollination but can make it
difficult to determine the pollen donor for research studies. DNA markers, such as SSR
(simple sequence repeat), can be used to identify pollen parents from progeny with desir-
able traits and have been used in blueberry genetic diversity assessments after intraspecific
hybridization and open-pollination breeding [23–25]. Furthermore, EST–SSR, G–SSR, and
EST–PCR markers have been used to test the correlation between genotype and antioxidant
properties in blueberries [25].

The objective of this study was to categorize and characterize the xenia effects in two
SHB cultivars (O’Neal and Emerald). Information from this study may inform which pollen
source positively or negatively influences important production and quality characteristics
for producers. A secondary objective was to screen the seedlings derived from mixed-pollen
fertilization using SSR in order to determine which pollen is the optimal pollen donor.

2. Materials and Methods

Experiments outlined in this paper were conducted (2016, 2017, 2018) in the blueberry
germplasm resource nursery of Zhejiang Normal University, Jinhua, Zhejiang Province, China.

2.1. Plant Materials

Eight representative SHB cultivars—O’Neal, Emerald, Sharpblue, Gulfcoast, Misty,
Bluerain, Star, and Jewel—were selected for the study. We produced 18 combinations of
self- and cross-pollination among the eight cultivars. Three-year-old plants were planted in
soil and managed using standard cultivation practices [26].

2.2. Morphological Observation of Floral Organs

Photographs of longitudinal sections of the mature floral organs of each cultivar
(preserving the style and part of the anther) were captured using a camera (Sony, DSC-
HX400). Morphological characteristics were measured, including the flower bud length,
corolla diameter, pistil length, and stamen length.
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2.3. Pollen Viability and Stigma Receptivity Tests

Pollen collection started at the onset of bloom with 100 flower buds collected from
each of the eight pollinizer cultivars. The flowers were bagged at the “Late pink bud” stage
(https://www.canr.msu.edu/blueberries/growing_blueberries/growth-stages (accessed
on 1 January 2022)) to avoid pollen contamination by nearby cultivars. When the flowers
were at “Early bloom” stage, anthers were carefully removed from flowers in the lab, placed
on paper, and dried at a constant temperature of 26 ◦C for 24 h. The next day, pollen was
separated from the anthers with a 0.061 mm mesh screen and stored at 4 ◦C for 1 month.
Following similar procedures, 50 flowers from each of the eight pollinizer cultivars were
collected to make mixed pollen (abbreviated as “8 Mixed”).

Pollen viability was determined using the FDA (fluorescein diacetate; Coolaber, Beijing,
China))–PI (propidium iodide; Coolaber, Beijing, China) test. Viable pollen grains emit
green fluorescence, while nonviable pollen grains emit red fluorescence [27]. One drop
of FDA–PI solution was placed on a slide and approximately 100–300 pollen grains were
spread onto the slide. After 5 min, slides were observed with short blue light using a
fluorescence microscope (10×) (Zeiss Axio Scope A1, Carl Zeiss Canada Ltd. Toronto,
Canada and three randomly chosen areas (three replicates) on each slide were used to
count pollen. Pollen grains that emitted yellow–green fluorescence were considered viable,
while those that showed red fluorescence were nonviable. After pictures were taken, Image
J software was used to calculate pollen viability. Images (JPG) were converted to RGB
(8-bit) and the “Color Threshold” parameter was set for the RGB image. By adjusting the
“Threshold” parameter, pollen grains could be determined as being round or oval. If there
was a partial overlap of pollen, the “Watershed” function was used. Finally, the “Analyze
Particles” function was used to count the pollen grains.

Stigma receptivity was checked using a benzidine–hydrogen peroxide [28] method
(1% benzidine:3% hydrogen peroxide: water = 4:11:22). Blueberry styles were collected on
the day of flowering, as well as at 1, 2 and 3 d after flowering, and placed in a benzidine–
hydrogen peroxide solution. If two-thirds of the parts of a style were dark blue and
accompanied by a large number of bubbles under the microscope (hydrogen peroxidase
activity), the result indicated that the stigma was receptive.

2.4. Experimental Design and Pollination Treatments

We selected 20 O’Neal and 20 Emerald blueberry bushes as the maternal cultivars.
The cultivars listed above (O’Neal, Emerald, Sharpblue, Gulfcoast, Misty, Bluerain, Star,
and Jewel) were used as pollinizers. Three pollination treatments were applied—artificial
self-pollination, mixed-pollen pollination or single cultivar pollination group. A total of
90 ‘Emerald’ or ‘O’Neal’ branches with inflorescences were selected based on uniformity,
and 5–8 flower buds (“Late pink bud” to “Early bloom”, https://www.canr.msu.edu/
blueberries/growing_blueberries/growth-stages (accessed on 1 June 2022)) from every
branch were maintained. For each combination, 50 flowers were pollinated, and three
replicates were conducted on other branches. The artificial self-pollination group was
used as the control. This experiment was carried out over 3 years, with the same cross
combination, the same operation methods and the same operators in the same field.

Maternal flowers were emasculated during the balloon stage of bloom and bagged.
Hand pollination treatments were applied by lightly touching the stigmatic surface several
times with the head of a pencil bearing the specific pollen grains. After pollination, the
stigmas were immediately covered with cheesecloth bags in order to avoid cross-pollination,
and fruit set was calculated when the fruits were ripened. Fruit set was determined as the
number of fruits divided by the number of pollinated flowers:

Fruit set =
Number of fruits

Number of pollinated flowers
× 100%

https://www.canr.msu.edu/blueberries/growing_blueberries/growth-stages
https://www.canr.msu.edu/blueberries/growing_blueberries/growth-stages
https://www.canr.msu.edu/blueberries/growing_blueberries/growth-stages
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2.5. Evaluation of the Fruit Quality of ‘O’Neal’ and ‘Emerald’

Mature fruits were collected at harvest and 30 fruits from each pollination combination
were randomly selected for further quality assessment. Mature blueberries were used
to determine transverse and longitudinal diameters (a measure of berry size), weight,
firmness, titratable acidity, anthocyanin content, soluble sugar content and soluble solids’
content. The transverse and longitudinal diameters of the fruits were directly measured
with a Vernier caliper and averaged. Fruit Shape Index is the ratio of the longitudinal
diameter to the transverse diameter. The fresh weight of the fruit was determined by an
electronic analytical balance. Fruit firmness was measured using a handheld firmness
tester (GY-2, HANDPI Co. Ltd., Yueqing, China). The titratable acidity content (TA) (citric
acid) was evaluated using the acid–base titration method [29], titrated with 0.1 N NaOH to
pH 8.2; the anthocyanin content was determined by retentate analysis with the pH value
difference method [30]. A digital refractometer obtained the soluble sugar content through
anthrone colorimetry [31]. The soluble solids’ content (SS) was determined using a digital
handheld refractometer (ATAGO, PAL-1). The SS/TA was calculated as an indicator of
overall sweetness.

2.6. Seed Number Determination

Seeds were extracted from mature fruits and washed to remove the pulp. Seed
maturity was judged based on the color of the seed coat and the degree of fullness of the
seeds, with a large and brown seed indicating maturity and others being immature [32].
Mature and total seed numbers in different treatments were recorded. Seed number refers
to the average number of seeds per fruit.

2.7. DNA Extraction

Seeds were obtained from ‘Emerald’ and ‘O’Neal’ as the maternal cultivars pollinated
by “8 Mixed”. Seeds were soaked in pure gibberellin (50 mg/L) for 12 h, followed by
planting in a substrate with a mixture of Chilean moss and sterilized nutrient soil (1:2, v/v).
When the plant leaves reached the size of a thumbnail, they were gently cut with scissors
for the extraction of DNA using modified CTAB methods [33]. DNA concentrations were
detected using a NanoDrop 2000. Electrophoresis was carried out on 1% agarose gels to
check the quality and quantity of DNA. DNA content was 20 ng/µL, and it was stored at
−20 ◦C when the value of OD260/OD280 was detected in the range of 1.8–2.0.

2.8. SSR

Twenty pairs of primers were screened using the SSR-PCR method detailed by
Schuelke [34] and Zong Yu [35], and six pairs of primers (SSR11, SSR14, SSR19, SSR28,
SSR35, SSR47) with high polymorphism were chosen. Primers were labeled with fluores-
cence dyes FAM (carboxyfluorescein) and HEX (hexachlorofluorescein). The universal
M-13 sequence (TGTAAAACGACGGCCAGT) was added to the 5′ end of the forward
primer, and was modified by FAM or HEX. The PCR reaction mix was prepared up to 20 µL,
consisting of DNA (20 ng), 10 µL 2 × Taq PCR MasterMix (Aidlab, Beijing, China), 2 µM of
forward primer, and 8 µM each of reverse and universal M13 primers. PCR amplification
was carried out with an initial denaturing step at 94 ◦C for 5 min, followed by 30 cycles
of 94 ◦C for 30 s, 60 ◦C for 45 s, and 72 ◦C for 45 s, and then 8 cycles of denaturation at
94 ◦C for 30 s, annealing at 53 ◦C for 45 s, and extension at 72 ◦C for 45 s. In the last cycle,
primer extension was performed at 72 ◦C for 10 min and stored at 4 ◦C until electrophoresis.
Amplicons were resolved by 2% agarose gel electrophoresis, then were visualized and
documented under UV light using a gel documentation system (Tanon-1600). The amplified
products were sent to Sangon Biotech (Shanghai) for capillary electrophoresis (CE).
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2.9. Statistical Analysis

Experimental data are represented as the mean ± SD (standard deviation). All sta-
tistical analysis were analyzed using the SPSS 19.0 software. When the F-statistic was
significant, a one-way ANOVA was used to compare the differences based on the Duncan’s
multiple range test (p < 0.05). An analysis of correlation was realized with a Pearson
two-tailed test. A p < 0.05 was considered statistically significant [36].

PCA (Principal Component Analysis) was conducted using the SPSS 19.0 software.
The original data were standardized using the “description and statistics” function of SPSS
19.0. After putting the variables into the variables column, we chose “initial solution”,
“coefficients”, “save as variables”, and “display factor score coefficient matrix” in sequence;
the other parameters were set to default. The standardized data were multiplied by the
eigenvectors and the products were added to obtain the scores of the principal components
in different blueberry cultivars. Based on PCA, a loading diagram (loading) was also
obtained, which is a representation of different factors contributing to the PCA results [37].

With the variance in the contribution rates of the factor weights of the three principal
components, the comprehensive scores of the principal components were finally obtained.
A score (comprehensive assessment index: FAC1-1 × contribution rate % of PC1 + FAC2-1
× contribution rate % of PC2 + FAC3-1 × contribution rate % of PC3) was given to each
fruit characteristic from each category; the higher the score, the better the fruit quality.

The GeneMarker V1.75 (Soft Genetics LLC, State College, PA, USA) software was
used to read the capillary electrophoresis data returned by Sangon biotech company.
Cervus 3.0 software was used to analyze the genetic data generated by codominant genetic
markers. The primer sequences used for SSR-PCR analysis are listed in Supplementary
Table S1. The number of alleles, observed heterozygosity, and expected heterozygosity were
calculated using the GenALEx 6.501 software [38,39]. Paternal preference was performed
by Cervus 3.0, with a simulation of parentage analysis [40]. Internal simulations were run
(set to 10,000) to determine the significance of LOD scores.

3. Results
3.1. Flower Morphology

The blueberry inflorescences were compound racemes–panicles with four to nine
bell-shaped, bisexual flowers in each inflorescence (see Figure 1I). The base of the petals
formed a tubular corolla and the top of the petals split into five lobes. The petals completely
wrapped the pistil at the “pink” bud stage. Among these eight cultivars, anthers were
shorter than the stigma (Figure 1A–H). The distance between the stamen apex to the
stigmatic surface was greatest in ‘O’Neal’, followed by ‘Sharpblue’ and ‘Misty’, while the
smallest was in ‘Emerald’ (Figure 1J). The fruit set of the self-pollinated ‘Emerald’ was low
in number after bagging at anthesis (Supplementary Table S2).

3.2. Pollen Viability

Most of the pollen grains emitted yellow–green fluorescence (viable pollen grains).
However, several pollen grains showed red fluorescence, indicating nonviable pollen
(Figure 2A–H). The FDA–PI test revealed that the percentage of viable pollen differed
among the cultivars (Figure 2I). The most viable pollen was that of ‘Sharpblue’, followed by
‘Gulfcoast’ and ‘Star’, while the least viable pollen was that of ‘O’Neal’. Stigma receptivity
assessment indicated that the stigma was receptive (Supplementary Figure S1).
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Figure 1. Floral diversity of eight southern highbush blueberry cultivars. (A) ‘O’Neal’; (B) ‘Misty’;
(C) ‘Emerald’; (D) ‘Sharpblue’; (E) ‘Jewel’; (F) ‘Star’; (G) ‘Gulfcoast’; (H) ‘Bluerain’; and (I) Flowers of
blueberry. Bar: A to H = 2 mm; I = 0.5 cm. (J) The distance between the stamen apex to the stigmatic
surface. The X axis indicates different blueberry cultivars. Bars with different letter superscripts are
significantly different from each other at the p < 0.05 level using Duncan’s test.

Figure 2. Southern highbush blueberry (SHB) pollen viability tested by FDA–PI. (A) ‘O’Neal’;
(B) ‘Misty’; (C) ‘Emerald’; (D) ‘Sharpblue’; (E) ‘Jewel’; (F) ‘Star’; (G) ‘Gulfcoast’; (H) ‘Bluerain’. Bar: A
to H = 100 µm. (I) Pollen viability of SHB cultivars. The X-axis indicates different blueberry cultivars.
Bars with different letter superscripts are significantly different from each other at the p < 0.05 level
using the Duncan’s test.
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3.3. Xenia Effect on Fruit Set

Fruit set varied greatly with the pollen donor (Figure S2). Fruit set increased in all
combinations except for ‘Emerald’ × ‘Misty’. As shown in Figure 3, cross-pollination
increased the fruit set rate when compared to artificial self-pollination in ‘O’Neal’ or
‘Emerald’. When ‘Emerald’ was the pollen recipient, the pollen from ‘Gulfcoast’ led to the
highest set, followed by ‘Bluerain’ and “8 Mixed”; the pollen from ‘Misty’ had zero fruit
set. When ‘O’Neal’ was the maternal cultivar, ‘Bluerain’ gave the highest fruit set at 73%,
followed by “8 Mixed”. When comparing the setting rate using mixed pollen including
‘Bluerain’ pollen, pollination with pollen from ‘Bluerain’ alone promoted an increase in the
fruit set of ‘O’Neal’ of more than 10% (Figure 3). A similar phenomenon was observed in
‘Emerald’, where single ‘Gulfcoast’ pollination was better than in “8 Mixed”. On the other
hand, the lowest fruit set in both maternal cultivars was obtained when pollinating with
‘Misty’ pollen. Among these cross combinations, we found that mixed pollen increased the
fruit set more than the self-pollination and other cross combinations, except for the special
pollinizers ‘Bluerain’ and ‘Gulfcoast’.

Figure 3. Xenia effect on the fruit set of ‘O’Neal’ and ‘Emerald’ from SHB. Fruit set of ‘O’Neal’
and ‘Emerald’ were compared when pollinated with different pollen donors. The X axis indicates
different pollen donors. Note: 4 p < 0.05, 44 p < 0.01, compared to ‘Emerald’ × ‘Emerald’; * p < 0.05,
** p < 0.01, compared to ‘O’Neal’ × ‘O’Neal’. Bars sharing triangles or stars are significantly different
from each other using the Duncan’s test.

3.4. Pollen Xenia Effects on the Fruit Quality
3.4.1. External Appearance

Different paternal pollen sources had different effects on the external appearance of
blueberry fruits (Table 1, Supplementary Figure S3). For ‘Emerald’, pollen from ‘Gulfcoast’
led to the biggest fruits as measured by transverse and longitudinal diameters. Fruit
weight was also greatest in this cross combination. Pollen from ‘O’Neal’ gave rise to the
smallest fruit—even smaller than that with ‘Emerald’ self-pollination—indicating negative
effects from cross-pollination. For ‘O’Neal’, the biggest fruit was produced with ‘Jewel’
pollen. Similarly, the smallest transverse and longitudinal diameters and the lightest
weight of single fruits were obtained with artificial self-pollination. Pollination with mixed
pollen raised the fruit weight and size (transverse an7d longitudinal diameters) in both
maternal cultivars, in contrast to self-pollination. None of the crosspollination significantly
altered the firmness of ‘Emerald’ (Table 1). On the other hand, when ‘O’Neal’ was the
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maternal cultivar, the “8 Mixed”, ‘Sharpblue’, ‘Bluerain’, and ‘Gulfcoast’ pollens increased
the firmness of fruits.

Table 1. Xenia effects on the appearance quality of SHB fruits.

Maternal
Cultivar

Paternal
Cultivar Fruit Shape

Transverse
Diameter

(mm)

Longitudinal
Diameter

(mm)

Fruit Shape
Index *

Fruit Weight
(g/per Berry)

Firmness
(×105 Pa)

Emerald

Emerald oval 13.8 ± 1.3 cd 11.4 ± 0.8 bc 0.8 ± 0.1 cd 1.3 ± 0.4 cd 4.4 ± 0.5 abc
Gulfcoast oblateness 17.1 ± 2.4 a 13.0 ± 1.7 a 0.8 ± 0.1 ab 2.5 ± 0.8 a 3.7 ± 0.5 c

Star oval 14.3 ± 2.0 bc 11.3 ± 1.6 bc 0.8 ± 0.2 bc 1.5 ± 0.5 bcd 4.5 ± 0.7 ab
O’Neal subround 12.3 ± 2.1 d 10.4 ± 1.6 c 0.9 ± 0.1 d 0.9 ± 0.3 d 4.3 ± 0.4 abc

Bluerain oval 15.4 ± 2.0 bc 11.9 ± 1.5 ab 0.8 ± 0.1 bc 1.9 ± 0.6 b 4.0 ± 1.0 bc
Jewel oblateness 14.4 ± 2.0 bd 10.8 ± 1.2 bc 0.8 ± 0.1 ab 1.5 ± 0.5 bcd 4.8 ± 0.6 a

Sharpblue oblateness 15.8 ± 2.5 ab 11.2 ± 1.3 bc 0.7 ± 0.1 a 1.8 ± 0.8 bc 4.1 ± 0.9 abc
8 Mixed oblateness 15.2 ± 2.0 ab 11.2 ± 1.6 ab 0.7 ± 0.1 cd 1.8 ± 0.6 bc 4.4 ± 1.0 abc

Maternal
cultivar

Paternal
cultivar Fruit shape

Transverse
diameter

(mm)

Longitudinal
diameter

(mm)

Fruit shape
index *

Fruit weight
(g/per berry) Firmness

O’Neal

O’Neal oval 11.0 ± 1.3 d 8.9 ± 1.3 b 0.8 ± 0.1 b 0.8 ± 0.3 d 2.0 ± 0.5 d
Jewel oblateness 14.8 ± 2.4 a 11.1 ± 1.4 a 0.8 ± 0.1 a 1.7 ± 0.7 a 2.2 ± 0.8 cd

Emerald oval 14.2 ± 1.3 ab 11.2 ± 1.2 a 0.8 ± 0.1 ab 1.6 ± 0.4 ab 2.3 ± 0.6 cd
Sharpblue oval 12.8 ± 1.6 d 10.5 ± 1.0 a 0.8 ± 0.1 b 1.1 ± 0.4 cd 2.8 ± 0.5 abc
Bluerain oval 13.7 ± 2.1 bc 10.5 ± 1.3 a 0.8 ± 0.2 ab 1.3 ± 0.5 abc 2.8 ± 0.5 abc

Star oval 13.8 ± 1.6 bc 11.0 ± 0.8 a 0.8 ± 0.1 ab 1.4 ± 0.5 abc 2.5 ± 0.6 bcd
Misty oval 13.9 ± 1.2 bc 10.8 ± 0.7 a 0.8 ± 0.0 ab 1.6 ± 0.4 ab 2.6 ± 0.3 bcd

Gulfcoast oval 14.3 ± 2.3 bc 11.2 ± 1.2 a 0.8 ± 0.1 ab 1.6 ± 0.6 a 2.8 ± 0.9 abc
8 Mixed oval 13.7 ± 2.3 bc 10.8 ± 1.5 b 0.8 ± 0.1 ab 1.3 ± 0.6 bcd 3.2 ± 1.0 ab

Note: The different letters within the same column mean the significance at the 0.05 level. Data are represented as
the mean ± SD (standard deviation). * Fruit shape indexes were calculated as the ratio of longitudinal/transverse
diameters.

3.4.2. Interior Fruit Quality

The interior quality of SHB fruits was influenced by the paternal pollen source (Table 2).
‘O’Neal’ self-pollination produced fruits with the highest soluble solids’ content. Pollen
from ‘Bluerain’ had the greatest effect on soluble sugar content/titratable acidity (SS/TA)
for both maternal cultivars. Cross combinations with “8 Mixed” and ‘Bluerain’ raised the
anthocyanin concentration and reduced the titratable acidity significantly for both maternal
cultivars, in contrast to the artificial self-pollination. When ‘O’Neal’ was the maternal
cultivar, ‘Bluerain’ gave the highest SS/TA, soluble solids’, and anthocyanin content among
all the individual pollinizers. Both the maternal cultivars showed similar tendencies after
‘Bluerain’, ‘Gulfcoast’, and ‘Jewel’ pollination: the soluble solids’, anthocyanin content, and
soluble sugar of the fruit were increased (Table 2).

Table 2. Xenia effects on the interior quality of SHB fruits.

Maternal
Cultivar

Paternal
Cultivar

Titratable
Acidity (TA)

(mg/g)

Anthocyanin
Ccntent (mg/g)

Soluble Sugar
(SS) (mg/g)

Soluble Solids
(%) SS/TA

Emerald

Emerald 1.1 ± 0 bcd 0.3 ± 0.2 d 12.3 ± 2.2 c 10.4 ± 2.0 a 11.0
Gulfcoast 1.3 ± 0.2 a 0.5 ± 0.0 cd 64.2 ± 6.4 a 11.9 ± 1.9 a 50.9

Star 1.1 ± 0.1 bcd 0.7 ± 0.2 bc 38.6 ± 2.7 b 10.2 ± 2.0 a 35.1
O’Neal 1.2 ± 0.8 ab 0.5 ± 0.2 cd 10.8 ± 0.4 c 11.1 ± 1.7 a 9.2

Bluerain 0.6 ± 0.0 d 1.1 ± 0.0 a 59.8 ± 3.8 a 10.9 ± 1.9 a 98.0
Jewel 0.8 ± 0.1 bcd 1.0 ± 0.2 bc 16.0 ± 0.9 c 10.9 ± 2.8 a 19.5

Sharpblue 0.7 ± 0.0 cd 0.4 ± 0.0 d 35.8 ± 4.5 b 8.2 ± 0.7 b 52.7
8 Mixed 0.9 ± 0.0 bcd 1.3 ± 0.2 a 33.0 ± 0.4 b 10.4 ± 2.2 a 37.1
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Table 2. Cont.

Maternal
cultivar

Paternal
cultivar

Titratable
acidity (TA)

(mg/g)

Anthocyanin
Content (mg/g)

Soluble sugar
(SS) (mg/g)

Soluble solids
(%) SS/TA

O’Neal

O’Neal 0.6 ± 0.2 a 0.6 ± 0.0 e 33.7 ± 14.0 bc 15.1 ± 1.2 a 53.5
Jewel 0.6 ± 0.0 a 1.2 ± 0.2 cd 41.3 ± 5.3 b 12.2 ± 1.5 cd 73.8

Emerald 0.3 ± 0.1 b 1.9 ± 0.1 ab 24.8 ± 6.5 bc 11.4 ± 1.9 bcd 79.9
Sharpblue 0.4 ± 0.1 b 1.0 ± 0.1 d 24.5 ± 5.4 bc 11.7 ± 1.8 bc 66.1
Bluerain 0.4 ± 0.1 b 1.2 ± 0.0 de 51.7 ± 4.0 a 12.8 ± 2.2 bc 132.5

Star 0.4 ± 0.1 b 1.4 ± 0.2 c 17.7 ± 6.4 c 12.2 ± 2.1 bc 44.3
Gulfcoast 0.6 ± 0.1 a 1.0 ± 0.1 de 38.6 ± 4.8 ab 11.1 ± 1.7 cd 68.9

Misty - 1.3 ± 0.0 cd - 12.8 ± 0.6 bc -
8 Mixed 0.4 ± 0.0 b 2.0 ± 0.3 a 52.2 ± 5.6 a 13.2 ± 2.4 a 145.0

Note: The different letters within the same column mean the significance at the 0.05 level. Data are represented as
the mean ± SD (standard deviation).

3.4.3. Correlation Analysis between Fruit Set Rate and Fruit Quality

There was a strong correlation between the external and internal quality in both
maternal cultivars, but the details were different (Tables S3 and S4). When ‘Emerald’ was
the maternal cultivar, soluble sugar was negatively correlated with firmness (r = −0.763 *)
but positively correlated with fruit size (transverse diameter, r = 0.826 *; longitudinal
diameter r = 0.853 **) and weight (r = 0.869). However, when ‘O’Neal’ was the maternal
cultivar, soluble solids were negatively correlated with fruit size and weight. In addition,
the anthocyanin content was negatively correlated with the titratable acidity (r = −0.745 *).
The fruit set rate of ‘Emerald’ was positively correlated with soluble sugar, fruit size, and
weight (r = 0.985 **; Table S5). The fruit set rate of ‘O’Neal’ was positively correlated with
soluble solids (Table S6).

3.4.4. Principal Component Analysis of the Blueberry Fruit Quality

Three components for which the eigenvalues were greater than one were identified
and determined to be 91.27 and 86.34% of the fruit quality characteristics of ‘Emerald’ and
‘O’Neal’, respectively (Table S7). Furthermore, the first three principal components (PCs)
accounted for most of the systematic variation in the data. These three PCs can represent all
10 traits when evaluating fruit quality, but they differed between ‘Emerald’ and ‘O’Neal’.

When ‘Emerald’ was the maternal cultivar, the factors contributing to the first principal
component (PC1) were soluble sugars, transverse diameter, longitudinal diameter, and
fruit weight. However, the titratable acidity content was grouped in the second principal
component (PC2), and the third principal component (PC3) reflected anthocyanin content.

When ‘O’Neal’ was the maternal cultivar, the corresponding loading table showed
that PC1 represented the transverse diameter, longitudinal diameter, and fruit weight
(Supplementary Table S8). The second principal component (PC2) mainly represented
soluble sugars and SS/TA, while the third (PC3) was determined by firmness. As shown in
Table 3, based on the comprehensive evaluation of fruit quality, ‘Emerald’× ‘Gulfcoast’ and
‘O’Neal’ × ‘Gulfcoast’ were considered to be the best combinations, with comprehensive
scores of 1.08 and 0.53, respectively.

3.4.5. Seed Number

The average number of seeds per fruit was affected by the pollen source. ‘Misty’ pollen
did not produce seeds in either of the maternal cultivars (data not shown in Figure 4). As
shown in Figure 4, we found that ‘Emerald’ and ‘O’Neal’ produced fewer seeds when
self-fertilized. For ‘Emerald’, the seed number under different treatments varied from 8
(self-pollination) to 72 (‘Emerald’× ‘Gulfcoast’). For ‘O’Neal’, we found that the pollinizers
had a significant influence on the seed number, ranging from 15 (‘O’Neal’ × ‘Sharpblue’) to
more than 84 (‘O’Neal’ × “8 Mixed”, ‘O’Neal’ × ‘Gulfcoast’). However, the seed number
was not different between the ‘Bluerain’, ‘Jewel’, and ‘Emerald’ pollinizers. The results
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showed that ‘O’Neal’ × ‘Gulfcoast’ had the highest seed number (Figure 4). Pollen from
‘Gulfcoast’ produced more seeds than artificial self-pollination in both maternal cultivars.

Table 3. The comprehensive scores of the fruit quality evaluation for each cross combination in SHB.

Maternal Cultivar:
Emerald Jewel Emerald Sharpblue Bluerain Star Gulfcoast O’Neal Misty

FAC1-1 −0.52 −0.77 0.48 1.04 −0.29 1.40 −1.33 -
FAC2-1 −0.88 0.60 −1.20 −0.72 −0.04 1.57 0.67 -
FAC3-1 0.69 −0.59 −1.74 1.41 0.13 −0.20 0.30 -

Comprehensive
assessment index −0.38 −0.36 −0.28 0.59 −0.15 1.08 −0.51 -

Maternal cultivar:
O’Neal Jewel Emerald Sharpblue Bluerain Star Gulfcoast O’Neal Misty

FAC1-1 0.60 0.77 −0.46 0.06 0.25 0.54 −2.28 0.52
FAC2-1 0.80 −0.16 −0.21 1.32 −0.51 0.76 −0.08 −1.93
FAC3-1 −1.71 −0.15 1.66 0.61 −0.07 0.59 −0.74 −0.19

Comprehensive
assessment index 0.29 0.33 −0.08 0.42 −0.01 0.53 −1.24 −0.23

Figure 4. Differences of average seed number per fruit when ‘Emerald’ and ‘O’Neal’ pollinated with
different SHB pollen donors. Note: 4 p < 0.05, 44 p < 0.01, compared to ‘Emerald’ × ‘Emerald’;
* p < 0.05, ** p < 0.01, compared to ‘O’Neal’ × ‘O’Neal’. Bars sharing triangles or stars are significantly
different from each other using the Duncan’s test.

3.5. Paternal Preference Based on the SSR Analysis of Seedlings

A total of 34 alleles (an average of 5.6 alleles per locus) were detected with six SSR
markers. The observed heterozygosity (Ho) was 0.57, ranging from 0.14 to 0.87, and the
expected heterozygosity (He) was 0.54 (Table 4). The range of polymorphic information
was 0.17–0.62, with a mean value of 0.48 (Table 4). When ‘Emerald’ was the maternal
cultivar (Figure 5A), ‘Emerald’ × ‘Gulfcoast’ had the largest number of seedlings. The
highest progeny proportion was 37%. ‘Bluerain’ and ‘Jewel’ produced the same ratio of
progeny (Figure 5A). Meanwhile, among the seedlings with ‘O’Neal’ as the maternal plant
(Figure 5B), ‘Bluerain’ pollen led to the highest percentage of progeny (28%).
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Table 4. Diversity statistics based on six SSR makers in SHB resulting from cross pollinations.

SSR Locus Number of Alleles Size Length (bp) Observed
Heterozygosity

Expected
Heterozygosity

Polymorphic
Information

VcSSR11 10 308–348 0.69 0.62 0.55
VcSSR14 4 184–206 0.74 0.57 0.51
VcSSR19 5 364–430 0.14 0.19 0.17
VcSSR28 7 279–315 0.40 0.68 0.62
VcSSR35 4 203–212 0.54 0.60 0.53
VcSSR47 4 229–244 0.88 0.56 0.48
Average 5.6 - 0.57 0.54 0.48

Figure 5. Diagram of Paternity in SHB with ‘Emerald’ (A) or O’Neal’ (B) as the maternal culti-
var. Paternal preference statistics were performed with CERVUS 3.0 based on an SSR analysis of
132 seedlings of ‘Emerald’ and 78 seedlings of ‘O’Neal’. Paternity was determined with a positive
LOD score (>3.0), and rejected with a negative LOD score (−3.0 or less). Candidate fathers were then
assigned to the clusters at 95% confidence.

4. Discussion
4.1. SHB Attains Higher Fruit Set, Better Fruit Quality, and More Seedlings with Optimal
Cross Combination

In this study, we found substantial evidence that xenia occurs in SHB. Firstly, xenia
effects were observed to influence the fruit set in SHB. The fruit set of ‘Emerald’ was
increased up to 65% when pollinated with ‘Gulfcoast’. The fruit set of ‘O’Neal’ increased
to 80% when pollinated with ‘Bluerain’ pollen. Overall, these two pollinizers are good
pollen donors for the considered maternal cultivars. Furthermore, a single pollen source
works better than mixed pollen, and that the pollen source should be selected individually
for a particular maternal blueberry cultivar. Our results provide several new promising
combinations for boosting blueberry yields through improved fruit set.

Fruit characteristics such as the fruit set and fruit quality demonstrated the potential
to be positively influenced by xenia, although there was variation in the measures of
appearance quality. When ‘O’Neal’ was cross-pollinated by ‘Misty’ pollen, fruit set was the
lowest, but the fruit’s transverse diameter was large. This suggests that the appearance of
fruit quality was mainly related to genotype, not xenia. ‘O’Neal’ self-pollination produced
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fruits with the highest soluble solids content and the lowest firmness of the fruit, indicating
that it should be harvested and consumed as fresh fruit.

Our results demonstrated that the cross-pollination of multiple cultivars had signif-
icant effects on the fruit weight, fruit diameter, firmness, soluble solids, soluble sugar
content, and acid content. Furthermore, given that cross-pollination of SHB affected the
external appearance, interior fruit quality, and the seed number, we categorized SHB to
experience “combined xenia”. This is distinct from the “non-double-fertilization” xenia of
rabbiteye blueberry [9].

Specific to our study, ‘O’Neal’ and ‘Emerald’ produced better fruit after pollination
with ‘Bluerain’, ‘Gulfcoast’, and ‘Jewel’ pollen (Table 2). Both maternal cultivars pro-
duced higher ACY and soluble sugar contents after pollination by the above three male
cultivars. These findings indicate that anthocyanin and soluble sugar were altered simulta-
neously through xenia effects for SHB. Among the cultivars of northern highbush, southern
highbush, and rabbiteye blueberries, fruit weight has been observed to be significantly
negatively correlated with soluble solids, and soluble solids were positively correlated
with the ferric-reducing ability of plasma (FRAP) and total monomeric anthocyanin con-
tent (TMAC) across the cultivars of all three blueberry types, suggesting that the fruit
antioxidant capacity and sugar content can be improved simultaneously [41]. This result is
consistent with those obtained in our study.

No significant correlations between soluble solids and other fruit quality features
were detected in ‘Emerald’ fruits (Table S3; r < 0.6). In contrast, soluble solids displayed
a negative correlation with fruit size and fruit weight in ‘O’Neal’ fruits. In a similar
study, when rabbiteye cultivars were pollinated by ‘Bluegen’, the fruit diameter was
significantly smaller than when pollinated by ‘Powderblue’ [42]. The soluble solids’ content
was also lower with ‘Bluegen’ [42], implying that fruit size is positively correlated with
soluble solids. This result is contrary to our data with ‘O’Neal’, as we found that soluble
solids were negatively correlated with the transverse diameter and longitudinal diameter
(r = −0.781 and r = −0.902, respectively; Table S8). These results indicate that there is no
universal conclusion for the correlates of fruit quality in blueberry. Different cultivars
should have unique correlations among their fruit qualities. Thus, it is important to set a
unique comprehensive assessment index for cross combination screenings. Here, we used
Principal Component Analysis (PCA) to determine which fruits had better quality and
phytochemical characteristics. PCA can facilitate the selection of cross combinations in
SHB, providing guidance for the blueberry industry.

The xenia effects on seed number were in agreement with those on fruit set rate and
fruit quality when pollinated on ‘Emerald’, but this differed for ‘O’Neal’. For ‘O’Neal’,
the pollinizers had a significant influence on the seed number, but with no difference
between the ‘Bluerain’, ‘Jewel’, and ‘Emerald’ pollinizers. This result did not coincide with
that of the fruit set, as the combination ‘O’Neal’× ‘Bluerain’ obtained the highest fruit
set rate. According to the correlation analysis of fruit quality, fruit set, and seed number
for both maternal cultivars (Tables S6 and S7), the seed number exhibited no correlation
with the fruit set and fruit quality, with a coefficient range lower than 0.7. Although these
results seemed to be unrelated to each other, ‘O’Neal’ × ‘Gulfcoast’ was still a good cross
combination, with better fruit quality and a suitable number of seeds.

4.2. SSR Can Help to Find the Most Efficient Hybrid Combination after Mixed Pollination

The floral morphological structure of the eight cultivars reflects their low efficiency
of self-pollination, thus requiring artificial or insect pollination to improve the fruit set.
Overall, the pollen viability of all cultivars was greater than 50%, indicating that the
pollen has strong vitality for pollination and fertilization. Based on our results, artificial
pollination reliably promoted the fruit set (Table S3). Actually, literature also reported
that the anatomical structure of SHB cultivar flowers raises difficulties for self-and cross-
pollination, and it is necessary to increase pollination with insect pollinators [43]. These
results suggest that planting these cultivars together, along with insect-mediated cross
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pollination, can improve fruit set. In addition, SSR can overcome the difficulties of paternity
identification caused by interplanting.

For many plants, the amount of the pollen attached to the stigma far exceeds ovule
number and the commercially acceptable levels of pollination. Especially in natural polli-
nation, once the number of the pollen grains reaches the threshold, the competitiveness
of the pollen becomes very important [44]. A large body of evidence has shown that the
more intense the competition of pollen, the stronger the vitality of the seedling [45–47].
The competitiveness of the pollen not only increases the quality of seeds, but also reduces
the variation in offspring progeny seedlings [48,49]. The use of SSR markers for paternity
testing was found in this study to be a good method to infer the competitiveness of pollen
as well as pollen identity. SSR is not affected by the plant growth environment, specific
growth period, or cultivation conditions [50], further supporting its use for this application.
SSR marker analysis also provides a high level of accuracy and is a fast and reliable means
for pollen donor identification [51].

The results of this study indicated that combinations of ‘Emerald’ × ‘Gulfcoast’ and
‘O’Neal’ × ‘Bluerain’ had the highest proportions of seedlings. This finding was consistent
with the fruit set data, which indicated that the ‘Gulfcoast’ and ‘Bluerain’ pollen were
relatively competitive when compared with the other six cultivars. This may be attributed
to the fact that the pollen of some cultivars has a more reproductive genotype. In this
experiment, it should be noted that the pollination donors were all SHB cultivars and are
closely related to each other. For example, ‘Star’ is a hybrid obtained from ‘O’Neal’ and
‘FB80-31′ [52]. The inbreeding coefficiency between all the combinations may be higher
than the cross between wild germplasm, but can still help to attain better fruit quality and
seedlings. Studies have reported that crosses resulting in high inbreeding coefficients might
yield successful cultivars with high horticultural value, such as a high and early yield,
and improved self-fruiting [53]. In fact, the effects of wide hybridization on the genetic
diversity of cultivated blueberries are very low, which means that pedigree-based diversity
measurements can result in an overestimation of the actual level of genetic diversity.
Applying SSR markers provides a better method to assess the genetic relationships among
SHB cultivars [54].

Although this study successfully identified more than 200 seedlings from the progeny
of the cross combinations, there were some shortcomings. For example, the bands that
were produced by some seedlings were from neither the maternal cultivar nor the paternal
cultivar. Some seedlings lacked data with low LOD values, such that it was impossible to
accurately determine the origin of the pollen donors. This is because the unequal exchange
of chromosomes produces new fragments during the gamete formation process [55]. Fur-
thermore, chromosomal exchange and modification of the DNA molecule bases may cause
mutations, resulting in site deletion [56].

In conclusion, xenia effects were identified and categorized for SHB (‘O’Neal’ and
‘Emerald’). A broader outcome of the study is that a better understanding of xenia effects
in fruit crops offers the potential benefit to improve commercially important traits related
to yield and fruit quality. The application of SSR combined with an assessment of the
fruit quality traits in blueberry cross-pollinated cultivars was also an effective approach to
determine optimal pollen donors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8070659/s1, Figure S1: Stigma receptivity analysis
of ‘O’Neal’, Figure S2: Fruit set status when ‘Emerald’ and ‘O’Neal’ pollinated with different SHB
pollen donors, Figure S3: Comparisons of fruit sizes from different pollination combinations, Table
S1: Primer sequence of 6 core SSR markers selected in this study, Table S2: Fruit setting ratio of
two self-pollination methods, Table S3: The correlation of fruit quality for ‘Emerald’ as the maternal
cultivar, Table S4: The correlation of fruit quality for ‘O’Neal’ as the maternal cultivar, Table S5: The
correlation coefficient range of fruit quality, fruit setting ratio and seed number for ‘Emerald’ as the
maternal cultivar, Table S6: The correlation coefficient range of fruit quality, fruit setting ratio and seed
number for ‘O’Neal’ as the maternal cultivar, Table S7: Characteristic eigenvalue and accumulative
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contribution rate of each principal component, Table S8: Component loading table for ‘Emerald’ and
‘O’Neal’ as the maternal cultivar.
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