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Abstract

C. humilis is a small shrub belonging to the Rosaceae family, and grafting is one of the
main ways for propagation. However, the influence of different rootstocks on volatile
aroma is still unclear. In this study, an untargeted metabolomics approach based on gas
chromatography—mass spectrometry (GC-MS) was utilized to analyze the volatile differ-
ential metabolites between the rootstock—scion combinations and self-rooted seedlings.
Furthermore, metabolic pathway enrichment analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database. In total, 191,162 and 150 volatile
differential metabolites were identified in different rootstock—scion combinations. The
rootstock-scion combinations of ZG/MYT and ZG/BT could improve the volatile aroma
in the fruit of C. humilis and made significant contributions to the rose and fruity flavors.
KEGG pathway analysis indicated that the differential metabolites were mainly enriched
in the butanoate metabolism and glycolysis/gluconeogenesis pathways, showing an in-
creasing trend. Prunus tomentosa and Amygdalus communis can serve as preferred rootstocks
for enhancing the aroma quality of C. humilis fruits. These results provide new insight into
rootstock-based propagation and breeding and also offer some guidance for graft-based
fruit production.

Keywords: Chinese dwarf cherry (Cerasus humilis); non-targeted metabolomics; aroma
compounds; metabolic pathway

1. Introduction

Aroma, as a key factor in fruit processing and fresh consumption, not only reflects the
flavor characteristics and maturity of the fruits but also serves as a critical indicator for
evaluating their commercial quality [1]. As consumers’ demands for fruit quality continue
to rise, research on aroma quality has also attracted growing attention. Chinese dwarf
cherry (C. humilis), a deciduous shrub in the genus Prunus (Cerasus) of the Rosaceae family, is
one of the unique wild fruit trees in China [2]. The fruit of C. humilis is shaped like a cherry,
with a sweet and sour taste and a unique flavor [3-5]. In recent years, C. humilis fruits
have been increasingly developed [3,4]. However, the root nodule disease in C. humilis
also adversely impacts fruit quality to varying extents [6]. Grafting, a common method in
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horticultural propagation and breeding, can mitigate the above problems. Xu et al. found
that grafting C. humilis onto different rootstocks can mitigate root cancer in C. humilis and
improve its fruit quality [6], but its impact on fruit aroma remains unclear. Some research
has proved that using 110R, 1103P, and SO4 as rootstocks for the cultivar ‘Ruiduxiangyu’
of grape has been shown to improve its aroma profile [7]. Han et al. noted that different
rootstocks have a more pronounced effect on fruit aroma. Specifically, the “140R’ rootstock
promotes the synthesis of ester compounds in ‘Dana’ grape fruits [8]. Additionally, different
rootstock-scion combinations affect both fruit quality and aroma components in apples [9].

Metabolomics is one of the four “omics” technologies. It is a systematic techni-
cal approach to studying metabolite concentrations and interactions in organisms [10].
Metabolomics is one of the emerging fields that has rapidly gained popularity and has
been widely adopted across various scientific disciplines. The advantages of untargeted
metabolomics include its comprehensive and unbiased nature, as well as its high through-
put capability. Currently, several researchers have employed metabolomics-based detection
and analytical approaches to elucidate the primary metabolic pathways involved in the
synthesis of various volatile compounds in C. humilis fruits across different maturity
stages [11]. However, the influence of different rootstocks on the volatile metabolites and
aroma characteristics of the fruits of C. humilis, as revealed by non-targeted metabolomics,
remains unclear.

Therefore, in this study, an untargeted metabolomics approach based on gas
chromatography-mass spectrometry (GC-MS) was utilized to analyze the volatile dif-
ferential metabolites between the rootstock-scion combinations and self-rooted seedlings.
Furthermore, metabolic pathway enrichment analysis was performed by the Kyoto En-
cyclopedia of Genes and Genomes (KEGG) database to elucidate the effects of different
rootstocks on the volatile aroma components of C. humilis. Rootstocks that promote the
accumulation of aroma compounds were selected to provide theoretical references and
data support for the cultivation and fruit utilization of C. humilis.

2. Materials and Methods
2.1. Plant Materials

The experiment was conducted in the Yinchuan Botanical Garden in Ningxia
(38°25'6"" N, 106°10'9" E) at an altitude of 1089 m. The rootstocks used in this experiment
were Armeniaca sibirica (L.) Lam, Cerasus tomentosa (Thunb.) Wall, and the long-stalked
almond Amygdalus communis Pall. The rootstocks were all one-year-old seedlings. The
scions for grafting and those from cuttings of self-rooted C. humilis ‘Nongda 4’ seedlings
were collected from healthy 2-3-year-old mother plants in the same cutting nursery. All
the above materials were provided by the State Key Laboratory of Efficient Production of
Forest Resources. The specific experimental varieties are as follows (Table 1):

Table 1. Test variety and code name.

Number Combinations Code Name
1 Cerasus humilis Nongda 4/ Amygdalus communis ZG/BT
2 Cerasus humilis Nongda 4/ Cerasus tomentosa ZG/MYT
3 Cerasus humilis Nongda 4/ Armeniaca sibirica ZG/SX
4 Cerasus humilis Nongda 4 zG
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2.2. Cultivation and Sampling

All rootstocks and self-rooted seedlings of C. humilis propagated by cutting nursery
that year were transplanted in the greenhouse on 2-3 March 2017. The planting spacing
was 0.5 m x 1 m with north-south row orientation. Bud grafting was performed on 25-26
June 2017. Three replicates were set for grafted seedlings from different rootstocks, with
50 grafted seedlings in each replicate. Take the self-rooted cutting nursery at the same time
as the control. After transplantation, the seedlings were subjected to normal water and
fertilizer management as well as pest and disease control. The pruning of the transplanted
seedlings was intensified, with five fruiting branches retained per tree. In September 2022,
fruit samples were collected for each rootstock combination, and five trees at the same
position were selected for each repeat. For each tree, 200 g of fruit was collected from the
top, middle, and bottom of the fruit cluster, and each combination was repeated three times.
After the seeds were removed, they were immediately placed in liquid nitrogen for rapid
freezing. The mixed samples were ground into powder using an automatic tissue grinder
(Co. KG, Haan, Germany) and then stored in a refrigerator at —80 °C (Figure 1).

Figure 1. The growth of seedlings and fruits of C. humilis grafted on different rootstocks: (A) the first
year after grafting; (B) the second year after grafting; (C) the rootstock of C. humilis; (D) ZG/MYT;
(E) ZG/BT; (F) ZG/SX; (G) ZG.

2.3. Chemical Reagents

Regarding chemical reagents, NaCl (Beijing Chemical Works, Beijing, China), and
2-cctanol (purity > 99.5%, internal standard) was obtained from TCI Corporation (St Louis,
MO, USA).

2.4. Headspace Solid-Phase Microextraction (HS-SPME)

The powder samples of fruit (2 g) were placed in 20 mL headspace containers with an
internal standard of 10 uL 2-octanol (10 mg-L~'). The headspace solid-phase microextrac-
tion (HS-SPME) (50/30 pm DVB/CAR/PDMS; Supelco, Bellefonte, PA, USA) was used to
extract volatile compounds. The HS vial was sealed and left in the water bath (60 °C for
30 min) for equilibration. The aged extraction head (250 °C for 5 min) was thermostatically
adsorbed at 60 °C for 40 min. During this time, the samples were stirred at a constant speed
(300 rpm). The extraction head was immediately desorbed at the injection port for 3 min at
270 °C following adsorption.
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2.5. Determination of Volatile Compounds Using Gas Chromatography-Mass Spectrometry (GC-MS)

The volatile compounds were determined using an Agilent 7890-5977B GC-MS sys-
tem (Agilent Inc., Santa Clara, CA, USA) with a PAL automatic sample injection sys-
tem, an automatic mass spectrometry deconvolution identification system, and NIST 11
mass spectrometry library. The analysis was performed using a DB-Wax capillary col-
umn (30 m x 250 um x 0.25 um, Agilent Inc., Santa Clara, CA, USA) at a flow rate of
3mL min~! (helium, 99.99%). The program began at 40 °C for 4 min, then ramped up to
245 °C at a pace of 5 °C min~!, followed by a 10 °C-min~! increase to 250 °C and was then
held for 10 min. The MS was operated in an electron impact ionization mode at 70 eV. The
mass spectrometry data were acquired in scan mode with the m/z range of 20-400, solvent
delay of 0 min.

Chroma TOF 4.3X (LECO, VT, USA) and the NIST 11 database were used for raw
peak extraction; the data underwent baseline filtering and calibration, peak alignment,
deconvolution analysis, peak identification, integration, and spectrum match of the peak
area, and qualitative analysis was conducted. The VOCs were analyzed semi-quantitatively
based on peak areas and internal standards [12].

2.6. Data Preprocessing and Annotation

Data processing was performed using Microsoft Excel 2021. One-way ANOVA was
performed using SPSS 25 (IBM, New York, NY, USA). PCA and O2PLS-DA were performed
using Simca 14.1 (Umetrics, Umea, Sweden) software, and figures were generated with
Origin 2024 (OriginLab, Northampton, MA, USA). The variable importance in projection
(VIP) values were obtained using OPLS-DA.

3. Results
3.1. Characteristics of Volatile Compounds in Different Stock and Spike Combinations

A total of 275 volatile compounds were identified in three rootstock—scion combi-
nations and self-rooted C. humilis seedlings. Based on structural characteristics, all the
volatile compounds were divided into the following categories: terpenoids, esters, alkanes,
aldehydes, alcohols, aromatic hydrocarbons, acids, heterocyclic compounds, nitriles, ethers,
and ketones (Figure 2). Among these, esters were the most abundant, comprising 119 com-
pounds, which accounted for 43.3% of the total identified volatiles. This was followed
by aldehydes (34 compounds, 12.4%) and alcohols (33 compounds, 12%). Additionally,
alkanes, ketones, terpenoids, acids, and ethers represented 7.3%, 6.9%, 5.0%, 4.7%, and
5.1% of the total compounds, respectively. In contrast, the remaining categories were de-
tected in much lower quantities: aromatic hydrocarbons (only one compound), heterocyclic
compounds (six compounds), and nitriles (two compounds).

Nitriles .79 Ketones  Terpenoids
0.7% Ethers 6.9% 5.0%

Heterocyclics 2.2% 5.1%

Acid4.7%
Aromatic hydrocarbons 0.4%

Alcohols 12%
Esters

43.3%

Aldehydes 12.4%

Alkanes 7.3%

Figure 2. Classification and proportion of volatile compounds in the fruit of C. humilis.
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The cumulative content of different volatile compound classes showed that esters
were the most abundant in all combinations, representing 64.79-65.40% of the total content
(Figure 3A). Aldehydes and alcohols followed, comprising 11.61-14.98% and 8.66-10.20%
of the total, respectively. As shown in Figure 3B, except for heterocyclic, nitriles, and ethers,
the contents of various volatile compounds in the rootstock—scion combination ZG/MYT
were significantly higher than ZG/BT, ZG/SX, and ZG. Specifically, in the rootstock—scion
combination ZG/MYT, the content of terpenoids was 47.06 ug-kg !, the content of esters
was 723.6 ug-kg !, the content of alkanes was 3.340 pg-kg~!, the content of alcohols was
114.0 pg-kg ™!, the content of aromatic hydrocarbons was 0.07 pg-kg !, the content of acids
was 31.77 ug-kg !, and the content of ketones was 15.14 pg-kg~!. In contrast, self-rooted
seedlings (ZG) had lower contents of all compounds, with significant reductions (p < 0.05)
observed in esters, alcohols, acids, heterocyclic compounds, and nitriles. Furthermore, the
total volatile content varied significantly among the three rootstock—scion combinations
and the self-rooted seedlings. Compared with the self-rooted seedlings (ZG), the contents
of volatile compounds in rootstock-scion combination ZG /BT, ZG/MYT, and ZG/SX were
all increased. Notably, the total aroma compound levels in ZG/MYT, ZG/BT, and ZG/SX
surged by 248.2%, 184.2%, and 145.1%, respectively, relative to self-rooted seedlings. These
findings demonstrate that grafting C. humilis onto these rootstocks significantly promotes
the accumulation of volatile aroma compounds in fruits.

3.2. Characteristic Volatile Compounds of Different Rootstock—Scion Combinations

To investigate the characteristic volatile metabolites of different rootstock—scion com-
binations of C. humilis, two-way orthogonal partial least squares with discriminant analysis
(OPLS-DA) was performed on the data that contained the volatile compound metabo-
lites from the three rootstock—scion combinations (Table 2). Characteristic metabolites
can be screened out for all three rootstocks. The results from the principal component
analysis (PCA) (Figure S1) and hierarchical clustering analysis (HCA) revealed important
distinctions between ZG and ZG/MYT, ZG/BT, and ZG/SX (Figure 4A-F). As shown in
Table 2, the model’s R2 (X) = 0.761-0.81, R2 (Y) = 0.990-1.0, and Q2 = 0.69-0.986, indicating
robust stability and predictive ability. To ensure model reliability, 200 permutation tests
were conducted to prevent overfitting. Additionally, volcano plots were employed to
visualize metabolic differences between groups, using screening thresholds of p < 0.05 and

llogrFCI > 1.

Table 2. Validation of OPLS-DA models on volatile compounds for the comparison between each
grafted and C. humilis.

OPLS-DA Model Component R2X (cum) R2Y (cum)
ZGvs. ZG/BT 1+1+0 0.81 1

ZGvs. ZG/MYT 1+1+0 0.761 0.998
ZGvs. ZG/SX 1+1+0 0.8 1

Compared with ZG, ZG/MYT had 186 upregulated and 5 downregulated metabolites
(Figure 4A). Applying screening criteria of VIP > 1 and p < 0.05, we identified 15 key
differentially expressed volatile compounds, which are visualized in a heatmap (Figure 4B).
The berries in ZG/MYT were characterized by more abundant compounds than ZG:
propyl octanoate; hexanal; 4-hexen-1-ol, (4E), acetate; 1,5-hexanediol; hexanoic acid, butyl
ester; fumaric acid, decyl 3-methylbut-3-enyl ester; isopentyl hexanoate; butyl caprylate;
hexadecanoic acid,1,1-dimethylethyl ester; and 3-hexen-1-ol, acetate, (Z)- were the main
differentiating metabolites.
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Figure 3. The differences in the content of volatile compounds in the fruits of self-rooted C. humilis
seedlings and different combinations of rootstock: (A) the proportion of aroma compounds’ content;

(B) the differences in the content of various volatile compounds. Lowercase letters are used to identify

whether there are significant differences in the mean values between different treatments.
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Figure 4. Analysis of differential compounds in self-rooted C. humilis seedlings and different com-
binations of rootstock: (A) volcano plot analysis of volatile compounds between ZG and ZG/MYT;
(B) heatmap between ZG and ZG/MYT; (C) volcano plot between ZG and ZG/BT; (D) heatmap
between ZG and ZG/BT; (E) volcano plot between ZG and ZG/SX; (F) heatmap between ZG and
ZG/SX.

Compared with ZG, ZG/BT had 150 upregulated metabolites and 12 downregulated
metabolites (Figure 4C). The OPLS-DA results showed significant separation between
ZG and ZG/BT, indicating significant changes in VOCs in ZG/BT. Estragole; undecanal;
diisoamyl ether; hexanoic acid, butyl ester; butanal; 3-hexen-1-ol, acetate, (z)-; 5-hexene-1-
ol, acetate; furan,3-methyl; n-caprylic acid isobutyl ester; and 5-ethyl-4-undecanone were
more abundant in ZG/BT than those grown in ZG (Figure 4D).

Compared with ZG, ZG/SX had 109 upregulated and 27 downregulated metabolites
(Figure 4E). The grafted combination was characterized by higher levels of methyl octanoate,
2-ethenyltetrahydro-2,6,6-trimethyl-2H-pyran, ethyl dodecanoate, acetaldehyde, butanal,
(E,Z2)-2,6-dimethyl-2,4,6-octatriene, 3-methylbutyl acetate, (E)-3,7-dimethyl-2,6-octadienal,
methanol, and (Z)-3-hexen-1-yl acetate (Figure 4F).

The results demonstrated that rootstock—scion combination (ZG/MYT) exhibited
the strongest aroma enhancement effect, and it upregulated 186 metabolites (e.g., propyl
octanoate, hexanal, etc.) that significantly enhance the floral and fruity characteristics.
ZG/BT and ZG/SX upregulated 150 and 109 compounds, respectively. The compound
3-hexen-1-ol, acetate, (Z)- displayed consistent upregulation across all graft combinations,
while 3-hexenal showed persistent downregulation. These findings clearly indicate that
grafting with different rootstocks induces significant alterations in the volatile organic
compound (VOC) profiles of C. humilis.
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3.3. Analysis of Aromatic Series

The odor threshold refers to the lowest concentration of specific VOCs that can be
perceived by humans [13]. It is also a routine indicator for evaluating the contribution of
volatile components in fruits to aroma [7]. Typically, VOCs with an odor activity value
(OAV) > 1 are deemed critical [14]. The larger the value is, the greater the contribution.
By referring to the aroma characteristics of volatile components, the contributions of
compounds to fruit aroma can be evaluated by the aromatic series. Based on the threshold
value, a total of 22 volatile metabolites were greater than the threshold (OAV > 1) in the
fruit aroma compounds of the three rootstocks and self-rooted seedlings (Table 3). They
were characterized by nine primary series: fruity, floral, herbaceous, sweet, mushroom,
aldehyde, citrus, balsamic, and woody. Notable examples include linalool, hexyl acetate,
ethyl octanoate, 1-octen-3-one, and (4E)-4-hexen-1-ol acetate, which possess high OAVs
and contribute to fruity, sweet, rose-like, herbaceous, and mushroom aromas.

Table 3. Odor thresholds and aromatic description of volatile compounds.

Taste Thresholds . OAVs Aroma
~ Odor Description .
Component (ug'kg™) ZG/BT  ZG/MYT  ZG/SX ZG Series
Butanoic acid, butyl ester 10 Banana, strawberry, 113 2.19 0.94 0.84 1
apple, grape
Hexanoic acid, ethyl ester 0.01 Pineapple 71.01 127.25 80.39 18.00 1
Acetic acid, hexyl ester 2 Pears, berries 62.06 77.06 48.61 34.53 1
Octanoic acid, ethyl ester 0.58 Sweet, pineapple 20.36 46.31 23.23 3.70 1
Octanal 0.7 Fruit 4.35 11.31 4.38 4.71 1
2-Vinylethyl acetate 1 Pears, apples 10.37 17.44 7.47 4.95 1
Hexanal 4.5 Green leaves 3.56 5.48 2.46 1.70 2
3-Hexenal 0.25 Green flavor 10.51 7.67 3.76 15.82 2
2-Hexenal, (E)- 17 Grassy green 0.95 1.34 0.63 0.67 2
3-Hexen-1-0l, acetate, (Z)- 1 Grassy green 6.64 8.50 6.05 243 2
2,4-Hexadienal, (E,E)- 0.05 Grassy green 8.79 11.32 6.47 4.04 2
Linalool 0.22 Rose, fresh 80.95 162.21 69.46 60.24 3
floral-woody
trans-Calamenene 0.005 Piney, woody 091 0.00 0.79 1.27 4
2-Nonenal, (E)- 0.08 Cucumber, green 2.54 3.88 1.74 3.22 5
leaves
Estragole 10 Fennel, sweet 1.03 1.15 0.59 0.30 5
1-Octen-3-one 0.001 Mushroom-like 37.93 79.43 38.49 32.05 6
trans-3-Nonen-2-one 0.25 Mushroom-like 0.93 2.07 1.09 0.68 6
1-Heptanol, 4-methyl- 1 Fatty, cheese-like 7.26 8.72 454 3.65 9
1-Butanol, 3-methyl-, acetate 2 Sweet, banana 9.34 8.18 5.95 1.89 15
4-Hexen-1-ol, acetate 1 Grassy green, fruity 1541 40.62 26.55 22.65 1,2
Decanal 0.1 Sweet, citrus, dairy 0.91 2.15 1.08 1.27 5,8,9
Nonanal 1 Aldehyde, citrus 16.78 30.05 13.32 9.32 7,89

note, dairy

Note: Odor threshold, odor description, odor series [15-36]. Odor series: 1. fruity; 2. herbaceous; 3. floral;
4. woody; 5. sweet; 6. mushroom; 7. aldehyde; 8. citrus; 9. balsamic.

As shown in Figure 5A, the aroma profiles of grafted and self-rooted seedlings are
similar, mainly comprising fruity, floral, herbaceous, mushroom, and other aroma cate-
gories. The rootstock combination ZG/MYT significantly suppressed woody aroma flavors,
while the other eight aroma series were markedly higher than those in ZG and the other
two rootstock combinations. In the rootstock combination ZG/MYT, linalool and hexanoic
acid, ethyl ester were the main compounds attributed to the floral and fruity flavors. The
aroma values were as high as 162.21 and 127.51, respectively, which were 2.7 times and
7.1 times that of the self-rooted seedlings. However, both ZG/BT and ZG/SX rootstock
combinations significantly enhanced the fruity, floral, and mushroom flavor of C. humilis.
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Figure 5. Aromatic series values in different scion-rootstock combinations: (A) the aroma profile of
aromatic compounds; (B) aromatic series values PCA.

Compared with self-rooted seedlings, the aroma values of compound 3-hexenal exhib-
ited a significant decreasing trend in the three rootstock combinations, which was consistent
with the previous analysis of the differences in aroma compounds. This observed reduction
may reflect grafting-induced modulation of key metabolic pathways and regulatory genes
governing aroma biosynthesis in C. humilis fruits.

3.4. KEGG Classification and Enrichment Analysis of Differential Metabolites

Metabolic pathway analysis was performed using the KEGG database (https://www.
kegg.jp/kegg) [37], with differential metabolites categorized according to KEGG pathway
classification (Figure 6A). Compared with C. humilis self-rooted seedlings, differential
metabolites from the three rootstock groups commonly annotated to 15 metabolic pathways:
Butanoate metabolism (33.33%, the most abundant pathway) played a key role in fruit
ripening, flavor formation, and postharvest storage [38]; glycolysis/gluconeogenesis (25%)
served as the core energy metabolism process, synergizing with butanoate metabolism
during fruit development [39]; pyruvate metabolism (20.45%) served as the critical junction
connecting glycolysis and the TCA cycle [40], while phenylalanine metabolism (8.83%) was
involved in amino acid metabolism [41]. Other pathways (carbon metabolism, propanoate
metabolism, sulfur metabolism, etc.) accounted for 8.33-16.66%, encompassing energy,
lipid, terpene, and polyketone metabolism [42—48].

Additionally, KEGG enrichment analysis was conducted on the differential metabo-
lites of grafted C. humilis fruit samples from the different rootstocks (Figure 6B). The
color of the dots represents the significance of p value, where redder dots indicate more
significant enrichment. The size of the dots reflects the number of enriched differential
metabolites [35]. The analysis revealed that 26 differential metabolites were enriched
among the three rootstock combinations and C. humilis, including butanoate metabolism,
glycolysis/gluconeogenesis, pyruvate metabolism, phenylalanine metabolism, etc. Notably,
butanoate metabolism showed the highest enrichment degree, containing the majority of
differentially accumulated metabolites. Importantly, all 15 identified pathways exhibited
overall upregulation patterns in grafted plants compared to self-rooted controls.
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Figure 6. KEGG classification and enrichment analysis of differential metabolites: (A) KEGG classifi-
cation of differential metabolites; (B) bubble diagram of the metabolic pathway enrichment.

4. Discussion
4.1. Regulatory Effect of Rootstocks on the Composition of Volatile Compounds in C. humilis Fruits

C. humilis is a small shrub belonging to the Prunus (Cerasus) of the Rosaceae family. It is
an ancient tree species unique to China and widely distributed in northern China [49]. This
economically important species produces fruits renowned for their distinctive flavor profile,
nutritional value, and diverse volatile organic compounds (VOCs) [50,51]. Currently,
there are no reports on the influence of rootstock grafting on the aroma of C. humilis
fruits. However, there are quite a few research reports on the aroma quality of other fruits
grafted onto rootstocks. Studies on apples [52], kiwis [53], sweet cherry [54], and grapes
have shown that grafting on different rootstocks can all affect the aroma compounds and
flavors of the fruits. Wang et al. [55] studied the effects of different rootstocks on the
aroma components of the wine grape ‘Cabernet Sauvignon’. The results showed that
the rootstocks 110R, Riparia Gloire, and SO4 reduced the content of ester compounds,
while 101-14, Ganzin 1, 110R, and 5BB increased the content of isoprene compounds. Sun
Lei et al. demonstrated that three rootstocks, 1103P, 110R, and SO4, could significantly
enhance the rose aroma of grapes [7]. Niu S.K. et al. [56] reported that Cabernet Sauvignon
grafted on rootstocks 1616C, SO4, 125AA, Cosmo2, and 5BB had a higher quality and a
higher content of aromatic substances, while Cabernet Sauvignon grafted on rootstocks
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5A, Freedom, 1447P, 5C, 99R, and 1103P had a lower quality and a lower content of
aromatic substances. This study reveals that grafting on different rootstocks significantly
changed the composition of volatile compounds in C. humilis fruits. The ZG/MYT and
ZG/BT combinations showed particularly pronounced increases in ester content (p < 0.05),
consistent with patterns observed in other fruit species. These results demonstrate that
rootstock selection can effectively enhance aromatic compound accumulation in C. humilis.

Ester compounds are mainly formed by alcohols produced through fatty acid and
amino acid metabolic pathways under the action of alcohol acyltransferases (AATs) [57].
Our findings demonstrate that rootstock grafting significantly influences this process, likely
through modulation of fatty acid metabolic pathways [58]. In this study, the aroma value of
ethyl hexanoate in the ZG/MYT combination was 7.1 times higher than that of self-rooted
seedlings. As a characteristic compound of the pineapple-flavored type, it directly enhances
the sweet and refreshing aroma of the fruit [59].

The synthesis of monoterpene volatile compounds mainly relies on the MEP path-
way, which has a low aroma threshold and high aromatic contribution, with linalool and
limonene being important sources of the characteristic aroma of the fruit [60,61]. Ter-
penoids such as linalool and limonene may be associated with the activation of secondary
metabolism induced by rootstocks. In this study, the linalool content in the ZG/MYT
and ZG/BT combinations was higher than that of self-rooted seedlings. These aroma
metabolites endow the fruit with a rose fragrance and a fresh herbal aroma [19]. This might
be linked to the upward transport of signal molecules such as hormones or secondary
metabolites secreted by the rootstock’s root system, activating the expression of key genes
for terpene synthesis in scion fruits to promote the synthesis of terpene compounds [62,63].
Interestingly, the apricot rootstock ZG/SX showed a weaker aroma enhancement effect,
which may reflect differences in root physiological activity, metabolic regulation capac-
ity [64], or other unidentified factors. Therefore, further multi-perspective verification is
required in future research.

4.2. Differences in Key Aroma Compounds and Their Flavor Contributions

Based on the analysis of aroma value (OAV), 22 key volatile compounds were identi-
fied that play a key role in the flavor of C. humilis in this study, among which linalool, ethyl
hexanoate, and 1-octen-3-one had OAVs > 100, serving as core components for the fruit’s
floral, fruity, and mushroom aromas. Comparative analysis revealed that the ZG/MYT and
ZG/BT combinations markedly enhanced the “fruity—floral” flavor profile relative to self-
rooted seedlings, while ZG/SX demonstrated greater efficacy in enhancing “herbaceous”
characteristics. This difference may be related to the preference of metabolic pathways reg-
ulated by rootstocks; for instance, the rootstock of Prunus chinensis significantly promotes
fatty acid 3-oxidation and alcohol acyltransferase (AAT) activity, thereby accelerating the
synthesis of esters [65]. Conversely, the rootstock of Hyacinth may activate the methyl
valeric acid (MVA) pathway to promote terpene precursor IPP/DMAPP accumulation [66].

Furthermore, green leaf volatile compounds (e.g., 3-hexenal) were consistently down-
regulated in the grafted combinations, suggesting rootstock-mediated inhibition of the
lipoxygenase (LOX) pathway. The LOX pathway is a key pathway for the formation of
green leaf odor in plants, and its reduced activity decreases fruit raw green notes while en-
hancing mature fruit aromas [67]. This discovery provides a new perspective for improving
the flavor and texture of fruits via rootstock selection.

4.3. The Regulatory Mechanism of Metabolic Pathways on the Formation of Aroma Induced
by Rootstocks

KEGG analysis indicates that butanoate metabolism and glycolysis/gluconeogenesis
serve as central metabolic pathways mediating rootstock-induced differential metabo-
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lite accumulation in C. humilis fruits. As a branch of fatty acid degradation, butanoate
metabolism generates acetyl-CoA, which directly supplies precursors for ester and ter-
penoid synthesis [68]. In the combinations of ZG/MYT and ZG/BT, the activities of
enzymes related to butanoate metabolism (e.g., butyrate CoA transferase) may be induced
and upregulated by the rootstock, promoting derivatization of fatty acids like caproic and
caprylic acids [69]. Concurrently, the enhancement of the glycolytic pathway provides
more energy (ATP) and carbon skeleton (pyruvate) for fruit metabolism. Pyruvate is
converted to acetyl-CoA via the pyruvate dehydrogenase complex, further driving aroma
compound synthesis [70]. Notably, the phenylalanine metabolic pathway was also activated
in the grafted combinations [71], with its characteristic products (phenylacetaldehyde and
phenylethanol) making notable contributions to sweet and floral aroma notes [72]. These
findings collectively suggest that rootstocks may synergistically affect the composition of
aroma substances by regulating the cross-network of amino acid metabolism and secondary
metabolism [73]. Future studies should integrate transcriptomic and metabolomic analyses
to explore the relationship between key enzyme gene expressions (e.g., AAT, TPS, etc.) and
aroma phenotypes.

5. Conclusions

The results showed that compared with self-rooted seedlings, the total aroma com-
pounds of different rootstock—-scion combinations in the C. humilis fruit significantly in-
creased, with esters and terpenoids, in particular, showing the most notable enhancement.
The rootstock—scion combinations ZG/MYT and ZG/BT significantly enhanced the floral
aroma of C. humilis. Butanoate metabolism and glycolysis/gluconeogenesis likely serve as
the key pathways underlying rootstock-induced aroma differences: the former serves as a
carbon precursor source for aroma synthesis, while glycolysis/gluconeogenesis regulates
metabolic flux via energy metabolism. Further research combining transcriptomic analysis
is needed to better understand the regulatory mechanisms of these metabolic pathways.
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Abbreviations

VOCs Volatile organic compounds
OAV Odor activity value

AAT Amino acid transporter

MEP 2-C-methyl-D-erythritol 4-phosphate pathway
MVA Mevalonate pathway

IPP Isopentenyl pyrophosphate
DMAPP  Dimethylallyl pyrophosphate
LOX Lipoxygenase

ATP Adenosine triphosphate

TPS Terpene synthase
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