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A B S T R A C T

Torreya grandis nuts require postharvest ripening for oil accumulation, with ethephon (ETH) commonly used to 
induce such process, thereby impacting the endophytic microbial community. In this study, shelled T. grandis 
nuts were divided into two groups: one treated ETH and the other with water (CK). The ETH treatment expedited 
nutrient metabolism from day 5 till day 10 as manifested by a decline in starch content, while increasing oil and 
soluble protein, enhancing enzyme activity, and reducing nut decay incidence. ETH-treated nut exhibited greater 
bacterial and fungal diversity compared with CK, along with more distinct microbial biomarkers. Structural 
equation modeling linked with ETH treatment revealed that increased oil content was mediated via increased 
abundance of Myxozyma, Rhodobacter, and pyruvate kinase activity. Chalara, a fungal biomarker, was strongly 
correlated with decay incidence. These findings offer valuable biomarkers for mitigating decay and improving 
T. grandis nuts quality during post-ripening stage in the future.

1. Introduction

Torreya grandis nuts are a rarity in China and are highly regarded for 
their exceptional flavor, rich nutrient content, high oil level, and myr
iads of bioactive compounds (Wu et al., 2018; Suo et al., 2019). In 
T. grandis, the postharvest ripening process is essential for oil formation 
and flavor development in T. grandis nuts (Hu et al., 2022). Numerous 
studies have indicated that various microorganisms present in post
harvest fruit or nuts can act to influence the quality and shelf life of the 
product (Shi et al., 2021; Zhimo et al., 2021; Huang et al., 2024). 
Concomitantly, T. grandis nuts are susceptible to decay during the 
post-harvest stage, leading to economic losses (Li and Dai, 2007). 
However, our understanding of the mechanisms governing nut quality, 
particularly regarding changes in microbial community in T. grandis 
nuts, remains incomplete.

Microorganisms play pivotal roles in fruit growth, postharvest and 
storage, encompassing beneficial, pathogenic and spoilage microor
ganisms (Wassermann et al., 2019; Shi et al., 2021; Lane et al., 2024). 
Beneficial microbes influence nuts quality by directly affecting 

nutrients’ level (Aguilar et al., 2007; Wang et al., 2011; Bourdichon 
et al., 2012). Yu et al. (2021) reported that genera Acetobacter and 
Gluconobacter was linked to increased sweetness while reducing acidity 
in Chinese bayberry. Moreover, beneficial fungal communities demon
strated positive correlation with starch content, peroxidase, and poly
phenol oxidase activities (Li et al., 2022). Xie et al. (2021) identified a 
positive correlation between ripening metabolism and certain endo
phytes during the postharvest process of kiwifruit (Actinidia chinrnsis), 
including Enterococcus, Vishniacozyma_victoriae, and Epicoccum_ni
grumand. All these results indicate that changes in microbial community 
could be associated with changes in flavor and nutrients composition in 
fruit which has yet to be tested in the case of T. grandis nut. Comparative 
analysis between healthy and unhealthy fruit showed that genes in the 
microbiome associated with defense mechanisms had higher relative 
abundances in healthy fruit, whereas microbes in diseased fruit were 
engaged in energy conversion and carbohydrates digestion (Wu et al., 
2019). The growth patterns of Botryosphaeira and Penicillium indicated 
an increase in their abundance over storage time, leading to continuous 
fruit decay (Zhang et al., 2021a). Additionally, Li et al. (2022) revealed 
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that Botryosphaeira, Neofusicoccum and Colletotrichum were associated 
with chestnut (Castanea sativa) decay during storage, becoming domi
nant species later in the storage period. Consequently, investigating the 
diversity and composition of the microbiota community during the 
post-harvest ripening stage of T. grandis nuts and its relationship with 
nut quality holds significant potential value for fruit improvement.

Ethylene possesses the ability to stimulate and accelerate the post
harvest period, expediting and homogenizing fruit ripening (Tovar et al., 
2011; Han et al., 2024). Maduwanthi and Marapana (2021) revealed 
that ETH influenced banana firmness and total sugars, albeit causing ca. 
50 % loss of vitamin C level at the ripening stage. ETH treatment can 
impact fruit quality by altering microbiome metabolism. For example, 
ethylene micro-environment promoted the physiological ripening of 
kiwifruit (Actinidia chinrnsis), which is associated with dynamic varia
tions in three bacterial genera and 6 fungal species during postharvest 
(Xie et al., 2021). It has been reported that ethylene exerted an inhibi
tory effect on aflatoxins contamination in raw peanuts due to its strong 
inhibition of Aspergillus parasiticus growth (Roze et al., 2004). Our pre
vious study demonstrated that ethylene treatment increased amino acids 
level, especially umami amino acids (Zhang et al., 2022). However, 
there is limited information on the effect of ethylene on T. grandis nuts 
regarding nutrients conversion and changes in microbial community.

Consequently, main objective of this study was to compare two post- 
harvest treatments for T. grandis nuts, the control group (CK) and the 
ethephon (ETH) group. Specifically, our aims were (1) to reveal dynamic 
changes in nut quality (e.g., nut nutrient, decay incidence) with post 
ETH treatment; (2) to determine changes in microbial structure through 
16S and ITS sequencing; (3) to clarify the interaction between micro
biome communities and nut quality in ethylene-treated T. grandis nuts 
during the post-ripening stage. The results provided better insight into 
relationship between microbial communities and T. granids nut quality, 
thereby aiding in the identification of potential biological control 
measures for improving quality in T. grandis nut kernels during the post- 
ripening stage.

2. Materials and methods

2.1. Plant materials and treatment

The cracked T. grandis cv. ‘Merrillii’ nuts were manually harvested at 
the aril cracking stage from a commercial orchard in Zhuji City, Zhejiang 
province, China, in September 2021. Within 4 hours of harvesting, fruit 
were transported to our laboratory, where the aril-covered nuts were 
manually removed. The nuts with hard shell of free visible mechanical 
damage and uniform size (about 27.2 ± 1.7 mm length) were selected 
for further study. The selected nuts were washed with clean water and 
left to air dry at room temperature (25 ℃) for 5 h until no visible 
external moisture was observed. After that, ca. 96 kg of nuts were 
randomly divided into two groups: ETH group, where nuts (ca. 4 kg) 
were sprayed with a 50 mL of 4000 mg⋅L− 1 ethephon solution (Shanghai 
yuanye Bio-Technology Co., Ltd), which corresponded to an ethylene 
gas concentration of 969 µL⋅L− 1. The CK group was sprayed with 50 mL 
distilled water. Both ETH and CK group were placed in a sealed storage 
box (80 cm in length, 40 cm in width, and 15 cm in height) and incu
bated for 24 h. Subsequently, both groups were then maintained at 25 ℃ 
and 90 % relative humidity during the post-ripening stage. The con
centration of ETH and processing environment were chosen in accor
dance with the preliminary experimental results (Zhang et al., 2020; Suo 
et al., 2022). For each group, three biological replicates were randomly 
selected and sampled at 4 storage time intervals (0, 5, 10 and 15 days). 
Kernel samples were stored at − 80 ℃ for subsequent DNA extraction, 
and frozen nut tissues were used for nutrients and key enzymatic activity 
assays.

2.2. Determination of nut quality

The nut quality changes, such as oil, starch, soluble sugar and soluble 
protein contents, were assessed at 4-day interval expressed as g kg− 1 on 
a fresh weight basis. The crude oil mixture was extracted from nuts using 
Soxhlet apparatus as described by García-Ayuso et al. (2000). The 
mixture was then dried overnight in a fume hood to obtain the residue, 
which was subsequently weighed to determine oil content. The nut 
residue sample left after oil extraction was used to determine soluble 
sugars and starch content using the anthrone reagent colorimetric 
method (Zheng, 2006). The soluble protein content was measured ac
cording to Coomassie Brilliant blue G-250 method (Read and Northcote, 
1981), using bovine serum albumin as a standard. Three biological 
replicates were used for the determination of each parameter.

The calculation method for the conversion completion rate of oil, 
soluble protein, and soluble sugar was as follows: the value at each 
measurement points minus the minimum value during post-ripening 
stage, then divided by the difference between the maximum value and 
the minimum value. For starch complete rate, the value at each mea
surement point during the post-ripening stage was subtracted from the 
value at day 0, and then divided by the difference between the maximum 
and minimum values.

2.3. Determination of key enzyme activities in nuts

The activities of the enzymes amylase (α-amylase and β-amylase, 
which catalyze the decomposition of starch in the nut), pyruvate kinase 
(PK, an important enzyme in the glycolytic pathway that also provides 
carbon skeletons for fatty acid biosynthesis), diacylglycerol acyl
transferase (DGAT, catalyzes the terminal reaction in triglyceride syn
thesis), sucrose synthase and sucrose phosphate synthase (SUS and SPS, 
key enzymes in sugar metabolism), and transaminase (which catalyzes 
the reversible transfer of an amino group from an amino donor to an 
aldehyde, prochiral keto acid, or ketone, resulting in a amine) were 
measured using enzyme-linked immunosorbent assay (ELISA) kits ac
cording to the manufacturer’s protocols (Jiangsu Meimian Industrial 
Co., Ltd, China). One unit of α-amylase activity is defined as the amount 
of enzyme required to hydrolyze 1 mL of 2 % soluble starch per hour at 
25◦C, expressed as 103 U kg⁻1. One unit of β-amylase activity is defined 
as the amount of enzyme required to produce 1 mg of maltose per hour 
from 2 % soluble starch under the same conditions, also expressed as 103 

U kg⁻1. One unit of PK activity is defined as the amount of enzyme 
required to convert 1 μM of phosphoenolpyruvate (PEP) into pyruvate 
per minute under conditions of pH 7.4 and 25◦C, expressed as 103 U 
kg⁻1. One unit of DGAT activity is defined as the amount of enzyme 
required to catalyze the formation of 1 mg of triacylglycerol from 
diacylglycerol and fatty acyl groups per hour at 37◦C, expressed as 103 U 
kg⁻1. One unit of SUS or SPS activity is defined as the amount of enzyme 
required to catalyze the production of 1 µg of sucrose per gram of sample 
per minute at 37◦C, expressed as 103 U kg⁻1. One unit of transaminase 
activity is defined as the amount of enzyme needed to produce 1 μM of 
amino acid per hour at 25◦C, expressed as 103 U kg⁻1. Each enzyme 
activity was determined using three biological replicates, with results 
expressed on a fresh weight basis.

2.4. Decay incidence

The decayed nuts were soft to the touch, with creamy yellow color 
and smelly, and the seed coat was very dark black. Decay incidence was 
calculated by the number of infected nuts dividing by the total number 
of T. grandis nut in each replicate. Fifty nuts were randomly selected for 
analysis every 5 days. Data were averaged from three biological 
replicates. 

Decay incidence (%) =
number of decayed nuts

total number of nuts
× 100 

J. Suo et al.                                                                                                                                                                                                                                      Postharvest Biology and Technology 219 (2025) 113250 

2 

繁华落尽
高亮

繁华落尽
高亮



2.5. DNA extraction, PCR amplification and sequencing

A kit was used for DNA extraction from 500 mg of homogenized 
kernel using the Fast DNA Spin Kit for Soil (Merck KGaA, Darmstadt, 
Germany). Each treatment at each time point was composed of three 
replicates, and each replicate encompassed 20 nuts. The bacterial 16S 
rRNA and fungal ITS genes were amplified using primer pairs of 799 F/ 
1193 R (Xie et al., 2021) and ITS1F/ ITS2R (Zhang et al., 2021a), 
respectively. PCR reactions were run to generate the 16S amplicons in a 
total volume of 20 μL, containing 10 μL of 2×Pro Taq, 08 μL of each 
primer (5 μM), 10 ng μL− 1 of DNA template, and finally nuclease-free 
water up to 20 μL. PCR reactions used to generate the ITS amplicons 
were also conducted in a total volume of 20 μL, containing 2 μL of 
10×buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.2 μL 
of rTaq polymerase, 0.2 μL of BSA, 10 ng of DNA template, and 4 μL of 
nuclease- free water. PCR cycle for both organisms was performed using 
the following program: 3 min at 95 ℃ for initial denaturation, followed 
by 13 cycles (bacteria) or 35 cycles (fungi), at 95 ℃ for 30 s, annealing 
at 55 ℃ for 30 s, and elongation at 72 ℃ for 45 s, with the final 
extension step for 10 min at 72 ℃, and storage at 10 ℃ for infinity. The 
PCR products were separated on a 2 % agarose gel and sequenced using 
the Illumina MiSeq 2000 platform (Illumina, San DIiego, USA) according 
to the standard protocol of Majorbio Bio-pharm Technology Co., Ltd 
(Shanghai, China).

2.6. Data processing and analysis

The raw ITS and 16S rRNA sequencing reads were demultiplexed and 
quality-filtered by fastp (https://github.com/OpenGene/fastp, version 
0.19.6), and then merged by Flash (https://ccb.jhu.edu/software/ 
FLASH/index.shtml, version 1.2.11). The sequences were clustered 
into Amplicon Sequence Variants (ASV) at 97 % similarity using 
UPARSE (http://www.drive5.com/uparse/, version 11). The taxonomy 
of each ASV representative sequence was analyzed using RDP classifier 
(http://rdp.cme.msu.edu/, vision 2.13). Five taxa classifications- 
phylum, class, order, family, genus levels-were analyzed and plotted 
using QIIME (http://qiime.org/install/index.html, vision 1.9.1) as 
described by Li et al. (2022).

The α-diversity analysis reflects the abundance and diversity of mi
crobial communities in each treatment during the post-ripening stage, 
while β-diversity measures the similarity or dissimilarity between two 
microbial communities. The α diversity (Ace) was performed using 
mothur (https://www.mothur.org/wiki/Download_mothur, vision 
1.30.2). To further determine whether there were differences at the ASV 
level between the two observed nut samples (CK and ETH group) during 
the post-ripening stage, bacterial and fungal community compositions 
were analyzed using principal component analysis (PCA) based on the 
Anosim (Hu et al., 2021). Taxonomic trees were generated using the 
metacoder package to identify and visualize overall microorganism 
abundance (Zhimo et al., 2021). Common ASVs among the 3 times were 
shown in ternary plot (Tian and Wang, 2020). Linear discriminant 
analysis effect size (LEfSe) analysis, emphasizing both statistical signif
icance and biological relevance, was used to identify significantly 
altered bacterial and/or fungal taxonomic groups induced by ETH and 
post-ripening time using the online Galaxy workflow framework (LDA ≥
3.5) (http://huttenhower.sph.Harvard.edu/galaxy/) (Tian and Wang, 
2020; Yu et al., 2022). The fungal functional group (guild) of each ASV 
was inferred using FUNGuild (Yang et al., 2023).

2.7. Statistical analysis

Each experiment was performed in three replicates. The significance 
of the two treatments during the post-ripening stage was conducted 
using one-way analysis of variance (ANOVA). The effects of ETH and 
post-ripening time were calculated using a two-way ANOVA without 

initial samples (0 day). Principal component analysis (PCA) was used to 
investigate the relative impact of significant ethylene and post-ripening 
time variables on nut qualities with Origin 2021 software. Using the 
linkET package, the Mantel test was employed to investigate Spearman’s 
linkages between nut decay incidence and potential fungal pathogens 
(Sun et al., 2022). A piecewise structural equation model (SEM) was 
established using the package “piecewise” in R 4.2.3 to determine the 
direct and indirect effects of time or ETH on nut nutrients through nut 
microorganism and enzyme activities (Lefcheck, 2015).

3. Results

3.1. Changes in macronutrients and nut decay incidence of T. grandis 
nuts during the post-ripening stage

In T. grandis, starch is degraded into soluble sugar during the post- 
ripening stage, which provides material and energy for protein and oil 
synthesis. Indeed, the content of oil, soluble sugar, and soluble protein 
showed an increasing trend, whereas starch content exhibited a 
decreasing trend (Fig.S1). Compared to CK group, the ETH group had 
higher oil content from day 5 till day 10, as well as a higher soluble 
protein content at day 10 (Fig. S1). The highest levels of oil, soluble 
sugar, soluble protein, and minimum content of starch showed no sig
nificant difference between CK and ETH groups (Fig. 1). The oil com
plete rate in CK group was 55 % and 79 % at day 5 and day 10, 
respectively, versus a complete rate in ETH group of 69 % and 91 % at 
day 5 and day 10, respectively. Similarly, the starch complete rate in CK 
group was 59 % and 76 % at day 5 and day 10, compared with 64 % 
83 % in ETH group. There was no significant difference in oil content 
between day 10 and day 15 in ETH group, but there was a remarkable 
variation from that in CK. To further investigate whether there was 
distinction in nutrients during the post-ripening stage, the responses of 
the four measured macronutrients in context to the two treatments were 
analyzed using PCA (Fig. S1E). Nut specimens collected at day 5 and day 
10 of ripening time (for both ETH and CK group) were clearly separated 
from those at day 15, with clear discrimination observed between ETH 
and CK groups at day 5 and day 10 of the post-ripening stage.

The interior seed coat of T. grandis exhibited a dark red color, and the 
kernels appeared milky white at day 15 of the post-ripening stage 
(Fig. 1E). However, the seed coat of decayed nuts turned dark black in 
color, with the kernels becoming soft with creamy yellow (Fig. 1E). In 
addition, decaying incidence under both CK and ETH treatment 
remained at lower level from day 0 till day 10 of the ripening time. 
Subsequently, ETH group exhibited 86 % lower decay than that of CK 
group at day 15 (Fig. 1F).

3.2. Changes in enzyme activities mediating for nutrients conversion in 
T. grandis nuts during the post-ripening stage

All nut enzyme activities increased with increasing ripening time 
(Table 1). Compared with CK, all nut enzymes exhibited higher activities 
under ETH treatment throughout the entire post-ripening stage. Both 
factors (ETH and post-ripening time) influenced the activities of 
α-amylase, β-amylase, SUS, SPS, and transaminase (P<0.05). Correla
tion analysis showed that all nut enzyme activities were negatively 
correlated with nut starch content, but positively correlated with oil, 
soluble sugar and soluble protein contents (Fig. S2).

3.3. Microbial compositional differences in T. grandis nut post storage 
with different treatments

A taxonomic dendrogram revealed the most numerous types of 
amplicon sequence variant (ASV) classifications of bacteria in CK and 
ETH groups at the phylum level: Proteobacteria (68 % and 77 %), Fir
micutes (15 % and 6 %), Actinobacteriota (8 % and 8 %), and Bacter
oidota (6 % and 7 %) (Fig. S3A and S3B). In case of fungi, the most 
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Fig. 1. The maximal levels of oil (A1), soluble sugars (B1), soluble protein (C1), starch (D1), and the completion rate of nutrients conversion under CK (A2-D2) and 
ETH treatment (A3-D3) during the post-ripening stage, along with a photograph of Torreya grandis cv. ‘Merrillii’ nuts at day 15 of ripening stage (E), and changes in 
decay incidence (F). Different lowercase letters indicate a significant difference under CK or ETH during the post-ripening stage. Asterisks denote significant dif
ferences between CK and ETH at the same post-ripening stage, * P < 0.05; ** P < 0.01.
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abundant phylum was Ascomycota, comprising 96 % and 88 % at CK 
and ETH treatment, respectively (Fig. S3C and S3D).

To better understand how ETH treatment affected bacteria and fungi 
composition during ripening-time, generalist or sample-specific bacteria 
and fungi taxa of each treatment were examined by ternary plots, and 
the major genera were marked (Fig. 2). Species that were identical and 
had high relative abundance were targeted to elucidate the microbial 
changes under either CK or ETH treatment. For bacteria, Allorhizobium- 
Neorhizonium-Pararhizobium-Rhizobium, Carnimonas, Novosphingobium, 
Pseudomonas, Rhodobacter, Rosenbergiella, Stenotrophomonas, unclassi
fied_f__Comamonadaceae, unclassified_o__Enterobacterales and unclas
sified_f__Erwiniaceae were found enriched both under CK and ETH 
treatment during the whole post-ripening stage (Figs. 2A and 2B). In 
case of fungi, Arthrobotrys, Aspergillus, Fusarium, Gibberella, Lasiodiplo
dia, Myxozyma, Ogataea, and Zygoascus were enriched both under CK 
and ETH treatment during the whole post-ripening stage (Figs. 2C and 
2D). The diversity of bacteria and fungi was found greater under ETH 
treatment compared with CK during the post-ripening stage. Addition
ally, their distribution appeared to be more uniform across the different 
time intervals (Fig. 2).

The relative abundance of Allorhizobium-Neorhizonium-Para
rhizobium-Rhizobium, Novosphingobium, Pseudomonas, and Rhodobacter 
under CK remained steady from day 0 till day 10, and increased from day 

10 till day 15 (Fig. 3A). Both relative abundances of unclassifie
d_o__Enterobacterales and unclassified_f__Erwiniaceae under CK showed 
an increasing trend from day 0 to day 10, but decreased from day 10 to 
day 15. Under ETH treatment, the relative abundance of Allorhizobium- 
Neorhizonium-Pararhizobium-Rhizobium increased throughout the entire 
post-ripening stage (Fig. 3A). Pseudomonas, Rosenbergiella, and unclas
sified_f__Erwiniaceae under ETH treatment reached peak relative abun
dance at day 5, and then showed a decreasing trend from day 10 till day 
15. The genus Carnimonas under CK showed an increasing trend from 
day 0 till day 10, but decreased at day 15. In contrast, relative abun
dance of Carnimonas under ETH treatment showed a decreasing trend 
during the post-ripening stage (Fig. 3A). For fungi, Fusarium and 
Aspergillus initially showed an increasing trend followed by a decline as 
the post-ripening stage progressed (Fig. 3B). Both Gibberella and Lasio
diplodia showed a decreasing trend from day 0 till day 15 (Fig. 3B). The 
relative abundance of Myxozyma under both CK and ETH treatments 
increased from day 0 till day 15. Compared with CK, fungal genera 
Fusarium, Myxozyma, Ogataea, and Zygoascus showed higher relative 
abundance under ETH treatment throughout the entire post-ripening 
stage.

There appeared to be more bacterial and fungal taxa at various 
taxonomic levels affected by ETH than CK from day 0 till day 15 
(Figs. 3E and 3F). For ETH treatment, specific biomarkers at day 5 of 

Table 1 
Effect of ethylene and post-ripening time on nut enzyme activity.

Treatment Post-ripening time α-amylase (103 U kg− 1) β-amylase 
(103 U kg− 1)

PK 
(103 U kg− 1)

DGAT 
(103 U kg− 1)

SUS 
(103 U kg− 1)

SPS 
(103 U kg− 1)

transaminase 
(103 U kg− 1)

CK 0d 40.73±0.74b 24.9±0.4c 136.83±2.84b 14.34±0.31b 31.35±0.22b 14.45±0.19b 56.19±1.47b
5d 41.37±1.77b* 25.62±0.56bc** 136.23±3.06b* 14.33±0.63b* 30.97±1b** 15.35±0.34ab* 56.42±1.46b
10d 42.77±1.4ab* 27.46±0.98ab** 152.05±0.43a 14.66±0.42ab* 32.9±0.11ab** 15.93±0.26a** 55.98±1.07b**
15d 45.81±0.16a* 29.44±0.79a** 142.09±0.04b* 16.02±0.24a 34.71±1.03a** 16.14±0.69a 62.67±0.51a*

ETH 0d 40.73±0.74c 24.9±0.4c 136.83±2.84b 14.34±0.31b 31.35±0.22d 14.45±0.19c 56.19±1.47c
5d 49.53±1.06b 32.41±0.53b 162.62±7.33a 16.72±0.14a 38.02±0.58c 16.67±0.33b 63.37±2.12b
10d 53.56±0.28a 33.33±0.69b 168.32±6.51a 17.04±0.39a 40.97±0.81b 18.54±0.24a 66.83±0.73ab
15d 55.68±1.15a 36.33±0.71a 172.68±5.35a 17.05±0.34a 43.88±0.3a 18.58±0.67a 69.09±1.51a

Time 0.002 0.002 0.001 ns ns <0.001 0.023
Treatment <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Time × Treatment ns ns ns ns ns ns ns

Note: PK, pyruvate kinase; DGAT, diacylglycerol acyltransferase; SUS, sucrose synthase; SPS, sucrose phosphate synthase. Time, post-ripening time; Treatment, 
different post-harvest treatments effect; Time × Treatment, post-ripening time × different post-harvest treatments effect. Different letters in the same row indicated the 
significant difference at P <0.05 level. Asterisks denote significant differences between CK and ETH treatments at same post-ripening time, * P < 0.05; ** P < 0.01.

Fig. 2. Ternary plots represented all genera innut samples at different post-ripening times (day 5, day 10, and day 15). Each circle corresponds to one genus, with 
size representing average relative abundance, and position determined by relative abundance in the corresponding group. A: bacteria under CK. B: bacteria under 
ETH. C: fungi under CK. D: fungi under ETH.
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Fig. 3. Heatmap of the relative abundance of bacterial (A) and fungal (B) genus communities (generalist or sample-specific taxa). LEfSe analysis of bacteria (C-D) and 
fungi (E-F) on days 0, 5, 10, and 15 of nuts under CK and ETH treatments. The LDA score (LDA > 3.5 and P < 0.05) of the biomarker at the genus level is shown in the 
bar graphs.

Fig. 4. Relationships between bacterial/ fungal genera and nut nutrients/ nut enzyme activities (A). Structural equation models (SEMs) showing the effects of time 
(B) and ethephon (C) on nut nutrients through nut microorganism and nut enzymes. Numbers adjacent to arrows are path coefficients. Continuous or dashed lines 
indicate significant or insignificant relationships. Red and blue arrows indicate positive and negative correlations, respectively. * P < 0.05; ** P < 0.01; ***P < 0.001.
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ripening time were phyla Bacteroidota and Proteobacteria, class Bac
teroidia, Gammaproteobacteria, Alphaproteobacteria, alongside 6 types 
of specific genera biomarkers, Chryseobacterium, unclassi
fied_f__Weeksellaceae, Rosenbergiella, Acetobacter, Pseudomonas, Gluco
nobacter. At day 15 of ripening time, there were 3 species groups under 
both CK and ETH treatment that played major indictors roles, including 
genera Dokdonella, unclassified_f__Xanthomonadacee, and nor
ank_f__norank_o__Rhodospirillales (Figs. 3C and 3E). For fungi, the spe
cific biomarkers under ETH treatment included class Sordariomycetes 
and Dothideomycetes at day 5, with 3 types of specific genera bio
markers, Fusarium, Cladosporium, and Ogataea (Fig. 3F). The same 
biomarker under both CK and ETH treatments at day 10 was Neo
pestalotiopsis, whereas, biomarker at day 15 of the post-ripening stage 
was genus Chalara.

3.4. Linkages among nut microbiome, enzyme activity, and nut nutrients

To elucidate which microbes play important roles in nutrient con
version for nut during the post-ripening stage, correlations were 
analyzed between the relative abundance of 11 genera (enriched both in 
heat map and LEfSe analyses) and the macronutrients, nut enzyme ac
tivities (Fig. 4A). Positive relations in Gibberella, Carnimonas, and 
unclassified_O__Enterobacterales with starch content, while these genera 
were negatively correlated with activities of all nut enzymes, oil content, 
soluble sugar content, and soluble protein content. Contrary to the 
above genera, the genus Ogataea, Myxozyma, Allorhizobium-Neo
rhizonium-Pararhizobium-Rhizobium, Pseudomonas and Rhodobacter were 
positively correlated with nut enzyme activities and macronutrients, 
except for starch content. Fusarium and Rosenbergiella were negatively 
correlated to soluble sugar content. The genus Ogataea was positively 
associated with nut enzyme activities (P<0.05).

Moreover, SEM provided good fits to the data (Chisq=1.055, Df=2, 
Gfi=0.992, RMSEA=0.0001, Srmr=0.041 for soluble protein content; 
Chisq=0.725, Df=2, Gfi=0.995, RMSEA=0.0001, Srmr=0.018 for oil 
content) (Figs. 4B and 4C). According to the model, nut soluble protein 
content was directly influenced by post-ripening time, with the fungus 
Ogataea to exert a strong direct effect to protein level (Fig. 4B). ETH 
treatment appeared to affect nut oil content via its impact on fungi 
Myxozyma and enzyme PK (Fig. 4C).

3.5. Shifts in diversity and fungal functional associations of microbial 
community of T. grandis nut

For bacteria, the Ace index under CK treatment was kept stable from 
day 0 till day 15, whereas under ETH treatment was sustained from day 
0 till day 10, with an increase from day 10 till 15 (Fig. 5A). In case of 
fungi, both the Ace index under CK and ETH treatment showed an 
increasing trend during the post-ripening stage (Fig. 5B). The bacterial 
and fungal community under CK at day 5 and day 10 were well sepa
rated from those at day 15 of post-ripening stage (Fig. S4A and S4B). 
Under ETH treatment, a distinct separation was observed among 
different post-ripening times and proving the impact of ETH on nut 
microbiome. The β diversity of bacteria under ETH showed clear 
discrimination from CK during the whole post-ripening stage (Fig. S4A), 
whereas a separation in β diversity of fungi was observed between CK 
and ETH groups only at day 10 (Fig. S4B).

The relative abundances of several functional guild differed among 
treatments (Fig. 5C). Compared with CK, ETH treatment had a higher 
relative abundance of undefined saprotroph from day 5 till day 10. To 
identify pathogen factor, fungi with relative abundance greater than 1 % 
were selected, including genera Botryosphaeria, Chalara, Cladosporium, 
Fusarium, Gibberella, Lasiodiplodia, and Pestalotiopsis (Fig. S5). Overall, 
Chalara was found strongly correlated with decay incidence with Man
tel’s r=0.655 and P=0.001 (Fig. 5D). While other potentially pathogenic 
fungi showed a negative correlation with decay incidence.

4. Discussion

4.1. Enhanced quality of T. grandis nut post ETH treatment

Starch, as the primary storage carbohydrate in seeds provides raw 
materials and energy for protein and oil synthesis (Dussert et al., 2013). 
In nuts, such as walnuts (Juglans regia), peanuts (Arachis hypogaea), oil 
content serves as a vital indicator in quality evaluation (Poggetti et al., 
2017; Huang et al., 2022). Ethylene gas treatment has been shown to 
improve the quality of crude palm oil by improving oxidative stability 
and reducing bleaching index (Chew et al., 2021). In the present study, 
the decline in starch content under ETH treatment occurred more 
rapidly than under CK during day 5 till day 10 of the post-ripening stage, 
accompanied by higher oil contents (Fig. 1). In addition, PCA revealed a 
negative correlation between starch content and oil, soluble sugar, and 
protein contents (Fig. S1E). Chaudhari et al. (2023) demonstrated that 
the addition of ethylene enhances the activities of α-amylase and 
β-amylase and diacylglycerol acyltransferase (DGAT), which play 
crucial role in oil biosynthesis (Yang et al., 2016), and to account for the 
decline in starch level in T. grandis nuts. Similarly, the positive rela
tionship between PK, DGAT and oil content may explain why ethylene 
addition increased nut oil content (Table1 and Fig. S2). Our previous 
study showed that the oil content of T. grandis attained its peak at 16 
d when the postharvest period is completed (Zhang et al., 2020). In this 
study, the oil content under ETH treatment reached its peak at day 10, 
indicating that the post-ripening period is completed within 10 days.

Moreover, our study aligns with previous studies showing that decay 
incidences increase with longer storage periods (Zhang et al., 2021a; Li 
et al., 2022). However, ethylene plays a vital role in activating signaling 
pathways related to the host defense response to necrotrophic pathogens 
(Baró-Montel et al., 2020). This may explain the lower decay incidence 
observed under ETH treatment in our study compared with CK treat
ment (Fig. 1F). Altogether, ETH treatment appears beneficial for 
enhancing the postharvest quality of T. grandis nuts.

4.2. Microbial communities in relation to nut quality during the post- 
ripening stage

The bacterial and fungal microbiomes play a vital role in fruit 
nutrient conversion, maintaining nut postharvest quality (Zhang et al., 
2021a; Zhimo et al., 2021; Perato et al., 2022). In this study, nuts under 
ETH treatment exhibited a higher relative abundance of Allo
rhizobium-Neorhizobium-Pararhizobium-Rhizobium, Novosphingobium, 
Pseudomonas and Rosenbergiella, with a decreased relative abundance of 
Carnimonas, especially during day 5 till day 10 (Fig. 3A). Moreover, four 
genera (including Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, 
Pseudomonas, Rosenbergiella and Carnimonas) were identified as bacterial 
biomarkers under ETH treatment by LEfSe analysis (Fig. 3E). Carnimo
nas, a bacterial genus topically found in salted foods, is known to cause 
black spots on food surface (Garriga et al., 1998; Arnau and Garriga, 
2000). In contrast, Pseudomonas has been shown to strongly inhibit 
collar and root rot pathogen (Latha et al., 2011). In comparison with CK, 
the relative abundance of Carnimonas was lower under ETH treatment, 
whereas Pseudomonas increased during the whole post-ripening stage. 
Our study revealed that Rosenbergiella showed a negative correlation 
with soluble sugar content (Fig. 4A), and in accordance with previous 
reports that high sugar concentrations limit the growth of Rosenbergiella 
(Morales-Poole et al., 2022). Allorhizobium-Neorhizobium-Par
arhizobium-Rhizobium is a key player in the biocatalytic upgrading of 
heavy crude oil (Raheem et al., 2022). This genus was positively 
correlated with oil content and negatively correlated with starch content 
(Fig. 4A). Rhodobacter, a genus of purple non-sulfur photosynthetic 
bacteria, can utilize starch and short chain fatty acids (SCFAs) to pro
duce hydrogen and accumulate lipids (Assawamongkholsiri et al., 2016; 
Laurinavichene et al., 2017). Importantly, Rhodobacter was positively 
correlated with oil content, and SEM analysis confirmed its positive 
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effect on nut oil accumulation (Fig. 4C). Thus, the higher relative 
abundance of Rhodobacter under ETH treatment may enhance oil 
biosynthesis in nuts during the post-ripening stage. Additionally, the 
increased relative abundance of Pseudomonas concurrent with the 
decreased relative abundance of Carnimonas may contribute to the lower 
decay incidence observed.

For fungi, the genera Fusarium, Gibberella, Myxozyma, Ogataea, and 
Zygoascus had higher relative abundance under ETH treatment than CK, 
and also acting as biomarkers under ETH treatment (except for 
Zygoascus) (Figs. 3B and 3F). The genus Ogataea is an industrial yeast 
known for protein production (Ye et al., 2023), which aligns with our 
study that Ogataea was positively correlated with soluble protein con
tent (Figs. 4A and 4B). In addition, Myxozyma also functions as a su
perior lipid producing yeast (Dien et al., 2016), and its relative 
abundance under ETH treatment increased during day 5 till day 10 in 
comparison to CK (Fig. 3B). Moreover, SEM analysis further demon
strated that Myxozyma had a direct impact on oil content (Fig. 4C), and 
in accordance with Berikten (2023) report that oleaginous yeasts (e.g., 
Myxozyma) have the capacity to store lipids inside their cells, and 
overexpress DGAT enzyme to ultimately increase triacylglycerol accu
mulation. The fungal Gibberella is known for producing gibberellins, 
which regulate several plant developmental processes, for example, seed 
germination and fruit formation (Keswani et al., 2021), which might 
account for the decreasing trend of Gibberella abundance during the 
post-ripening period (Fig. 3B and Fig. S5). Although Fusarium is often 
considered as a fungal plant pathogen (Dean et al., 2012), many Fusa
rium species are used industrially for mycoprotein production 
(Bourdichon et al., 2012). For example, Fusarium domesticum is used in 
cheese fermentation (Bachmann et al., 2005). Consistent with our study, 
Fusarium was negatively correlated with decay incidence, but positively 
related to nut oil and soluble protein content (Fig. 4A and Fig. 5D). 
Altogether, the higher relative abundance of Ogataea and Myxozyma 
under ETH treatment may contribute to the enhanced nutrient conver
sion rate in nuts.

4.3. Correlation analysis of microbial communities and nut decay during 
the post-ripening stage

Nut decay is often caused by fungal pathogens, such as Fusarium 
(Zhang et al., 2021a), Colletotrichum (Li et al., 2022), and Aspergillus 
(Rodrigues et al., 2012; Morgan et al., 2020). In contrast, Acremonium 
strictum Elicitor Subtilisin has been shown to prevent fruit decay and 
improve postharvest quality in strawberry fruit by inducing ethylene 
production (Perato et al., 2022). In our study, ETH treatment resulted in 
low decay incidence during the post-ripening stage (Fig. 1F) suggestive 
to be mediated mostly via targeting microbial community.

Previous studies have highlighted the importance of microbial di
versity in maintaining soil and plant health (Zhimo et al., 2021; Yu et al., 
2022). Our results demonstrated that both ripening time and ETH 
treatment impacted α and β diversity of microbial communities during 
the post-ripening stage (Fig. 5 and Fig. S4). This is consistent with pre
vious findings that both ethylene alongside postharvest ripening time 
strongly influence microbial community (Xie et al., 2021). Numerous 
studies have shown that high fungal and bacterial α-diversity is associ
ated with reduced strawberry and sweet cherries rot incidence (Zhang 
et al., 2021b; Zhimo et al., 2021). This could explain why ETH treatment 

increased fungal α diversity was associated with lower decay incidence 
(Fig. 5). Furthermore, PCA revealed that bacterial and fungal commu
nities were influenced by both the ethylene micro-environment and 
postharvest storage (Fig. S4A and S4B). Similar results were reported in 
kiwifruit with ethylene treatment (Xie et al., 2021).

Microbes with high abundance play critical roles in shaping the 
functional pattern of the entire microbial flora (Zhimo et al., 2021). To 
identify candidate pathogens responsible for decay in T. grandis nuts, the 
primary pathotroph fungal genera were selected according to Funguild 
results (Fig. 5C). Mantel analysis revealed that the genus Chalara was 
positively related with nut decay incidence (Fig. 5D). Approximately 
60 % of the top fungal pathogens belong to phylum Ascomycota (Bansal 
et al., 2022). In the present study, Ascomycota was the major phylum 
(account for 88 %-96 % of the fungal community) and the fungi Chalara 
was part of this phylum (Fig. S3C and Fig. S3D). Similar results were 
reported by Suleman et al. (2007) and Michel (2009) revealing that 
Chalara paradoxa, Chalara radicicola and Chalara elegans are plant 
pathogen. Thus, we can infer that nut decay in T. grandis is mostly 
associated with the fungus Chalara, and that ETH treatment reduces the 
relative abundance of this genus leading to decreased decay incidence.

Therefore, ETH treatment enhanced T. grandis nut quality by altering 
the microbial community composition via two main targets as summa
rized in (Fig. 6): 1) through direct and indirect effects, such as influ
encing the activity of PK and DGAT enzymes, the beneficial genera 
Rhodobacter and Myxozyma contributing to the oil content reaching its 
peak on the 10th day of the post-ripening stage. 2) lower relative 

Fig. 5. The diversity and metabolism of nut microbial communities in CK and ethylene (ETH). Alpha diversity of bacterial (A) and fungal (B) communities. The 
Sankey diagram displays the top 10 functional guilds and their relative abundance (C). Correlations between potential pathogenic fungal genera and nut decay 
incidence determined using the Mantel test (D). Time, post-ripening stage; Treatment, different post-harvest treatments effect; Time× Treatment, interaction between 
post-ripening stage and different post-harvest treatments effect; ns, P > 0.05; * P < 0.05; ** P < 0.01. The color of the line represents the significance of the dif
ferences (P values), and the size of the line represents the correlation coefficients (Mantel’s r). Pairwise correlations of these variables are shown with a color gradient 
representing the Spearman correlation coefficient. PP, Plant Pathogen. US, Undefined Saprotroph. AELPSW, Animal Pathogen-Endophyte-Lichen Parasite-Plant 
Pathogen-Soil Saprotroph-Wood Saprotroph. EPW, Endophyte-Plant Pathogen-Wood Saprotroph. AP, Animal Pathogen. EP, Endophyte-Plant Pathogen. AELPW, 
Animal Pathogen-Endophyte-Lichen Parasite-Plant Pathogen-Wood Saprotroph. AEEPW, Animal Pathogen-Endophyte-Ericoid Mycorrhizal-Plant Pathogen-Wood 
Saprotroph. FU, Fungal Parasite-Undefined Saprotroph. SS, Soil Saprotroph.

Fig. 6. The conceptual figure illustrates that the effect of ethylene shortens the 
post-ripening time and improves nut quality by altering the microbial com
munity during the post-ripening stage. Specifically, ethephon treatment in
creases its oil content by enhancing the number of beneficial microbes 
(Rhodobacter and Myxozyma) and the activity of nutrient transformation en
zymes (PK and DGAT). Additionally, it reduced nut decay incidence by 
decreasing the abundance of pathogen Chlara.
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abundance of Chalara to reduce decay incidence, acting as a fungal 
biomarker for nut decay.

5. Conclusion

This study indicates that the addition of ethylene reduced the post- 
ripening stage to 10 days and decreased decay incidence in T. grandis. 
We demonstrated that ethylene application led to substantial alterations 
in the bacterial and fungal communities, including changes in both di
versity and composition. ETH treatment increased nut oil content 
mainly via affecting the relative abundance of the genera Myxozyma and 
Rhodobacter, as well as enhancing enzyme PK activity. The fungal genus 
Chalara, was found to be correlated with nut decay incidence and 
exhibited lower relative abundance under ETH treatment. Therefore, 
improved quality and reduced decay incidence of T. grandis nuts with 
ETH treatment were closely associated with changes in microbial com
munity structure. These results highlight the dynamic relationship be
tween the microbial community and T. grandis nuts quality during the 
post-ripening stage. The underlying mechanisms identified from this 
study can be further exploited to improve nut quality in the future.
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