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Abstract
This study investigates how exogenous volatile organic compounds (VOCs) influence the root responses of 
Cunninghamia lanceolata under nutrient limitations. Specifically, we assessed the differential effects of syringic 
acid and 1-butene on root morphology, phosphorus acquisition, and stress resilience. Clonal Chinese fir seedlings 
were utilized to test the effects of treatment with these two exogenous VOCs under both phosphorus supply (1.0 
mM KH2PO4) and no phosphorus supply (0 mM KH2PO4) treatments in a controlled pot experiment. Compared 
to syringic acid, 1-butene significantly enhanced root morphological traits, including root length, specific surface 
area, and root volume. These morphological changes enhanced the root’s ability to acquire phosphorus. Moreover, 
the addition of 1-butene increased the underground phosphorus use efficiency (PUE) by 25.6% compared to 
the addition of syringic acid. Furthermore, the addition of 1-butene stimulated higher activity of antioxidant 
enzymes such as superoxide dismutase (SOD) and peroxidase (POD). Proteomic analysis revealed that 1-butene 
induced significant changes in root protein expression, particularly in proteins associated with stress responses, 
phenylpropanoid biosynthesis, and phosphate transport. Compared to syringic acid, 1-butene promoted the 
differential expression of phosphate transporter proteins, indicating its beneficial effects on the root systems of 
Chinese firs under low-phosphorus stress. These findings underscore the potential of 1-butene in promoting 
root efficiency and phosphorus acquisition in forest species, providing insights for enhancing plant adaptation to 
nutrient limitations.
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Introduction
Phosphorus (P) is an essential nutrient for all life forms, 
playing a critical role in biochemical processes such as 
nucleic acid synthesis (e.g., DNA, RNA), energy transfer 
(e.g., ATP), and the structural integrity of membranes 
(e.g., phospholipids) [1]. Despite its importance, the avail-
ability of P in soils is often limited. Over 30% of global 
agricultural and forestry production is constrained by 
insufficient soil P levels [7, 14]. Low availability is attrib-
uted to the high chemical fixation rates, slow diffusion 
rates, and predominance of plant-unavailable organic 
P forms over inorganic forms [44]. While fertilization is 
commonly employed to mitigate these limitations, it fails 
to address the long-term sustainable P scarcity and poses 
potential environmental risks [3]. Plants exhibit various 
adaptive strategies to cope with low P availability [20, 
24]. Investigating these adaptations is fundamental for 
understanding how plants mitigate P stress and maintain 
growth and survival in nutrient-limited conditions.

Volatile organic compounds (VOCs) are important 
secondary metabolites that are typified by low emission 
levels and potent effects [8]. They play critical roles in 
various stress responses. For example, in the Scots pine 
(Pinus sylvestris), emission of aliphatic aldehydes and 
monoterpene compounds is altered in response to oxi-
dative changes [33]. The Chinese fir (Cunninghamia lan-
ceolata) can respond to low P stress by regulating the 
emission of VOCs such as syringic acid [24]. Tea plants 
(Camellia sinensis) can release nerolidol to alleviate cold 
stress [22].

VOCs not only affect the emitting plant but can also 
influence neighboring plants, thereby enhancing their 
stress tolerance [9, 16, 40]. For example, in response to 
virus attacks, tobacco plants (Nicotiana benthamiana) 
releases VOCs like (E)-2-octenal, 6-methyl-5-hepten-
2-one, and geranylacetone after infection with Tobacco 
mosaic virus, enhancing the resistance of neighboring 
plants to the virus [19]. Sweet orange (Citrus sinensis) 
can absorb VOCs released by neighboring guava (Psid-
ium guajava) and enhance its own resistance to herbi-
vores [25]. Tea plants (Camellia sinensis) release VOCs 
such as methyl salicylate (MeSA), benzyl alcohol, and 
phenethyl alcohol in response to drought stress, enhanc-
ing the drought tolerance of neighboring tea plants [21]. 
Such interplant signaling mechanisms, particularly under 
stress conditions, are significant for enhancing overall 
plant resilience in nutrient-limited environments.

Chinese fir is the most commercially important conif-
erous species that is widely distributed in southern China 
[48]. However, there primary cultivation region contains 
an abundance of red clay, which lacks sufficient available 
P content. Successive pure-stand management practices 
have exacerbated P depletion, hindering sustainable 
growth [26]. In response to low P conditions, Chinese fir 

roots exhibit adaptive mechanisms, including enhanced 
VOCs emissions and morphological adjustments [5, 24]. 
The increasing adoption of high-density planting in Chi-
nese fir plantations has led to overcrowded root zones 
and intensified nutrient competition [29]. Despite these 
challenges, the role of root-emitted VOCs in mediating 
growth responses and interplant interactions remains 
poorly understood. Furthermore, the difficulty in assess-
ing root VOC emissions compared to aboveground emis-
sions presents a significant knowledge gap.

The root VOCs syringic acid and 1-butene both exhibit 
significant changes in emission levels in response to 
low P stress [24, 41]. However, their specific roles and 
mechanisms of action remain unclear. This study seeks 
to address key questions: Do these VOCs exhibit distinct 
roles in plant responses to low P stress? How do these 
differences influence the growth and stress responses of 
Chinese fir?

To address these questions, this study conducted a pot 
experiment to investigate the effects of syringic acid and 
1-butene on Chinese fir seedlings under different P con-
ditions. The morphological, physiological, and proteomic 
responses of the seedlings were assessed to uncover the 
mechanisms behind their adaptation to low P stress. This 
research offers new insights into how VOCs influence 
plant responses to nutrient limitations, with a focus on 
their potential to improve the resilience and productiv-
ity of forest ecosystems under P-deficient conditions. By 
enhancing our understanding of VOCs-mediated stress 
responses, this study contributes valuable knowledge 
for developing sustainable management practices in 
Chinese fir plantations, particularly in nutrient-limited 
environments.

Materials and methods
Plant materials and growth conditions
The plant materials in this study consisted of robust seed-
lings of the clonal M25 of the Chinese fir, bred by the 
Chinese fir Engineering Technology Research Center of 
the State Forestry and Grassland Administration. The 
clonal M25 of Chinese fir is capable of maintaining ade-
quate growth and development under low P conditions 
[45]. In this study, one-year-old Chinese fir seedlings 
were selected, with an average height of 25.78 ± 1.88 cm 
and a diameter at root collar of 5.23 ± 0.21 mm. The seed-
lings were initially placed in nutrient-rich substrate prior 
to treatment. The seedlings were transplanted into ster-
ilized culture sand, which had been thoroughly cleaned 
and sterilized. The content of available P in culture sand 
was 0.034 ± 0.007 mg·kg− 1 [24]. An indoor simulated sand 
culture experiment was carried out in a greenhouse. The 
greenhouse environment was maintained under con-
trolled environmental conditions with a day/night tem-
perature of 28℃/25℃, a 16 h day/8 h night cycle with a 
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photon flux density of 21 mol⋅quanta·m− 2·d− 1, and rela-
tive humidity of 42.7% during the day and 67.7% at night.

Experimental design
The experimental treatments were conducted using 
Chinese fir seedlings subjected to two P levels (1.0 mM 
KH2PO4 or 0 mM KH2PO4) and supplied with two VOCs 
(syringic acid or 1-butene), for a total of four treatments: 
P supply with syringic acid (P1sy: 1.0 mM KH2PO4, 200 
mg·L− 1 syringic acid), P supply with 1-butene (P1bu: 1.0 
mM KH2PO4, 10 mL·L− 1 1-butene), no P supply with 
syringic acid (P0sy: 0 mM KH2PO4, 200 mg·L− 1 syrin-
gic acid), and no P supply with 1-butene (P0bu: 0 mM 
KH2PO4, 10 mL·L− 1 1-butene). According to the Hoa-
gland nutrient solution and the available P content in 
southern Chinese forest soils, a 1.0 mM KH2PO4 solution 
was used as the P supply treatment [34]. Low P stress of 
7 days was found to stimulate the production of VOCs 
in Chinese fir roots [24]. Therefore, a treatment period of 
7 days was selected to better understand the role of root 
VOCs in response to low P stress. 1-butene was released 
through a tube buried in the pot, while syringic acid was 
added to the pot with the nutrient solution and applied 
exogenously every 3 days. To better investigate the effects 
of VOCs on Chinese fir seedlings under low-P condi-
tions, we applied different P supply treatments for one 
month before the addition of exogenous VOCs. Each 
treatment was replicated five times.

To meet the remaining elemental needs of the seed-
lings during the experimental treatment period, other 
elements were supplemented using modified Hoagland 
nutrient solution (Table S1) [43]. Seedlings were irrigated 
with 200 mL of 1/4 modified Hoagland nutrient solution 
every 3 days. Exogenous syringic acid (McLean, Shang-
hai, China) is a solid that is immediately applied to the 
pots after being dissolved in the nutrient solution. Exog-
enous 1-butene (Huaxia Chemicals, Chengdu, China) is a 
gas and is delivered via the air tube in the pot. After each 
application, the pot is immediately sealed to prevent the 
volatilization of syringic acid and 1-butene. To prevent 
the accumulation of CO2 and other substances produced 
by the roots, the sealing device is opened every 3 days for 
ventilation, and the next round of nutrient solution and 
exogenous 1-butene is applied. This process is repeated 
until the sealing time reaches 7 days, after which venti-
lation occurs, and no further exogenous substances are 
applied. After the application of exogenous substances 
has ended, the seedlings are harvested.

After the treatment period, the seedlings were dug out 
whole, rinsed with water, and then wiped with absor-
bent paper to remove surface water, taking care to avoid 
damaging the root system in the process. Cleaned and 
collected intact roots were quickly examined for root 
morphology. A portion of the Chinese fir root samples 

designated for physiological and proteomic analyses were 
stored in a -80  °C freezer, while the remaining under-
ground and aboveground parts of the Chinese fir plants 
were subjected to drying.

Measurement of root morphology and physiology indexes
After harvesting, the treated Chinese fir seedlings were 
promptly scanned using a STD1600 scanner (Seiko Epson 
Corporation, Nagano-ken, Japan) to visualize their root 
systems. Subsequently, the root lengths, surface areas, 
volumes, and average diameters of each root system were 
analyzed using WinRHizo software version 4.0B (Regent, 
Canada).

After harvesting the treated Chinese fir seedlings, 
the superoxide dismutase (SOD) activities, peroxidase 
(POD) activities, malondialdehyde (MDA) contents, and 
acid phosphatase (Apase) activities of fresh root samples 
were determined. The root sample (0.2 g) in liquid nitro-
gen and subsequently standardizing them with phos-
phate buffer (pH 7.8, 0.5 M) to measurement root SOD 
and POD activities [47]. MDA content was determined 
by colorimetric using thiobarbituric acid and 0.2  g root 
sample of needles per replicate. The absorption values at 
532  nm and 600  nm were recorded with distilled water 
as the control. Apase activity was estimated by calculat-
ing the extent of degradation of nitrobenzene disodium 
phosphate to nitrophenol per unit time [31].

Determination of biomass and root: shoot ratio
Treated Chinese fir seedlings were then dried. They 
were subjected to a temperature of 108  °C for 30  min 
and then dried at 80  °C until they reached a constant 
weight. The aboveground biomass was the dry weight of 
the aboveground parts of the treated seedlings, while the 
underground biomass was the dry weight of the under-
ground parts of the tested seedlings. The total biomass 
was the sum of the aboveground biomass and the under-
ground biomass. The root: shoot ratio was calculated as 
the underground biomass divided by the aboveground 
biomass.

Determination of P content and P use traits
After drying and weighing, samples were crushed and 
analyzed for P content. Masses of 0.2 g of crushed sam-
ples were sieved and then heated in conical flasks con-
taining 30 mL digestion solution (nitric acid: perchloric 
acid = 5:1) until the samples were fully dissolved. The 
P content in the digestion solution was measured using 
Inductively Coupled Plasma Optical Emission Spectrom-
eter Optima 8000 (Perkin Elmer Instrument Co., LTD., 
Shanghai, China), with the following formulas utilized to 
calculate P accumulation and P use efficiency (PUE): P 
accumulation = Dry weight * P content; PUE = Dry weight 
/ (P accumulation) [28].
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Proteomic detection in root system
Randomly select three biological samples for proteomics 
analysis. A mass of 0.2 g of fresh root samples were used 
for each replicate. Protein extraction and enzymatic 
digestion were conducted using Zandalinas’ described 
method [46]. Peptides were dissolved in mobile phase 
A (0.1% formic acid and 2% acetonitrile in water) and 
separated using a NanoElute ultra-high-performance liq-
uid chromatography (UHPLC) system (Bruker, United 
States). Mobile phase B consisted of 0.1% formic acid in 
100% acetonitrile. The gradient elution program was set 
as follows: 6–24% B from 0 to 70  min, 24–32% B from 
70 to 84 min, 32–80% B from 84 to 87 min, and 80% B 
from 87 to 90 min, with a constant flow rate of 450 nL/
min [28]. The mass spectrometry analysis conditions for 
peptide fragments were referenced from Li et al. [28].

Statistical analysis of data
Independent sample T-tests (p < 0.05) were used to 
determine the significance of differences between plants 
treated with different P supply levels and exogenous 
VOCs. SPSS 19.0 (IBM, New York, United States) was 
used to perform statistical analyses, with GraphPad 
Prism 9 (GraphPad Software, Santiago, United States) 
used for presenting histograms (mean ± standard error). 
The heatmaps were generated using Hiplot Pro ​(​​​h​t​t​p​s​:​/​/​
h​i​p​l​o​t​.​c​o​m​.​c​n​/​​​​​)​.​​

Fisher’s exact test was used to identify differentially 
expressed proteins (DEPs). Proteins with a log2 fold 
change ≥ 0.584963 and p < 0.05 were considered DEPs. 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analyses 
were then performed on the set of DEPs. GO terms or 

KEGG pathways with p < 0.05 were deemed significantly 
enriched. The subcellular localizations of proteins were 
predicted using WoLF PSORT software (v3.0). EggNOG 
was used to identify the KOG of DEPs. The Pfam data-
base was employed to analyze the enrichment of func-
tional domains of DEPs (p < 0.05).

In order to further analyze and compare the different 
effects of two exogenous VOCs on Chinese fir under low 
P conditions, this study compared the proteomic data of 
P0sy and P0bu. Proteomic data from Chinese fir that were 
not treated with either of the VOCs were also compared 
to proteomic data from plants treated with the two exog-
enous VOCs, both under P supply (P1:1 mM KH2PO4 
without VOCs) and no P supply (P0: 0 mM KH2PO4 
without VOCs) conditions. The P0 and P1 databases were 
derived from Li et al. [28].

Results
Effects of exogenous VOCs on the growth of Chinese Fir
Chinese fir seedlings were cultivated with one of two 
VOCs in different P treatments (Fig. 1). Under no P sup-
ply treatment with the two VOCs produced different 
growth responses in the Chinese fir seedlings (Fig.  2a-
d). The aboveground biomass and total biomass with 
1-butene treatment were 28.6% and 21.6% lower, respec-
tively, under no P supply treatment than under supply P 
treatment (p < 0.05, Fig. 2a, c). Compared to syringic acid 
treatment, treatment with 1-butene resulted in a signifi-
cant increase in underground biomass and root: shoot 
ratio under no P supply treatment (Fig.  2b, d). Thus, 
the application of 1-butene may promote the growth of 
underground parts of Chinese fir under low P conditions, 
especially as compared to treatment with syringic acid.

Fig. 1  Schematic diagram of the potted simulation experiment setup
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Effects of exogenous VOCs on the morphology and 
resistances of Chinese Fir roots
Treatment with 1-butene significantly increased root 
lengths by 28.1%, root surface areas by 27.4%, and root 
volumes by 49.7% as compared to treatment with syrin-
gic acid under no P supply treatment (p < 0.05, Fig.  3a-
c). However, there was no significant difference in root 
average diameters between treatments of the two VOCs 
(Fig.  3d). Root length and root surface area are signifi-
cant factors that influence the P absorption capacity of 
Chinese fir. Treatment with 1-butene increased the root 
lengths and root surface areas of the Chinese fir seedlings 
relative to treatment with syringic acid. This suggests that 

1-butene may play a role in acquiring P under low P con-
ditions in Chinese fir, especially as compared to syringic 
acid.

SOD and POD are important antioxidant enzymes. 
MDA is the final product of free radical oxidation and 
is also an important antioxidant parameter in plants. 
Treatment with 1-butene under no P supply treatment 
resulted in significant increases in both SOD (12.7%) and 
POD (99.5%) activities as compared to supply P treat-
ment, though MDA content was not significantly affected 
(Fig.  3e-g). Compared to supply P treatment, treatment 
with syringic acid resulted in a significant increase of 
MDA content (158.3%) under no P supply treatment, 

Fig. 2  Analysis of biomass and root: shoot ratio of Chinese fir. Effects of exogenous VOCs on the aboveground biomass (a), underground biomass (b), 
total biomass (c), and root: shoot ratio (d) of Chinese fir seedlings. P1sy and P1bu indicate treatments with syringic acid and 1-butene, respectively, under 
supply P treatment, while P0sy and P0bu indicate treatments with syringic acid and 1-butene, respectively, under no P supply treatment. * indicates a sig-
nificant difference (p < 0.05) between the two treatment groups
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while POD and SOD activities were not significantly 
affected (Fig.  3e-g). The addition of exogenous VOCs 
did not significantly affect Apase activity (Fig. 3h). Thus, 
treatment with 1-butene resulted in significant enhance-
ments in stress tolerance in Chinese fir under low P con-
ditions as compared to treatment with syringic acid.

Effects of exogenous VOCs on P use traits in Chinese Fir
Under supply P treatment, treatment with 1-butene 
resulted in a significant decrease of aboveground P con-
tent (23.5%) as compared to treatment with syringic acid, 
though no significant differences were observed under 
no P supply treatment (Fig. 4a). Under no P supply treat-
ment, syringic acid treatment resulted in a significant 
increase of underground P content (21.9%) as compared 
to treatment with 1-butene, though no significant differ-
ences were observed under supply P treatment (Fig. 4b). 
No significant differences in total P content and aboveg-
round P accumulation were observed between any of the 
treatment conditions (Fig. 4c, d). Compared to supply P 
treatment, syringic acid treatment resulted in decreased 
P accumulation in the underground parts, and 1-butene 
treatment resulted in decreased total P accumulation 
under no P supply treatment (Fig. 4e, f ). Treatment with 
1-butene had no significant effect on aboveground PUE 
between different P treatment, though it did result in 

increased underground PUE in no P supply treatment. It 
exerted no significant effect upon the total PUE (Fig. 4g-
i). Consequently, while the addition of 1-butene may not 
facilitate an immediate augmentation in the P content in 
Chinese fir, it may ameliorate P deficiency stress through 
the enhancement of underground PUE, thereby sustain-
ing the adequate growth and development of the root 
system under low P conditions.

Identification, annotation, and enrichment of deps
Proteomic analysis was conducted on Chinese fir roots 
treated with different exogenous VOCs. The rela-
tive standard deviation of protein quantification val-
ues among replicate samples within each group ranged 
from 0.1 to 0.2 (Fig.  5a). A total of 8,066 proteins were 
detected in this proteomic analysis, among which 6,235 
were quantifiable (Fig. 5b). A comparison of P0sy and P1sy 
identified 56 DEPs, with 22 being down-regulated and 
34 up-regulated. Likewise, comparison of P0bu and P1bu 
identified 201 DEPs, with 115 being down-regulated and 
86 up-regulated, and comparison of P0sy and P0bu identi-
fied 257 DEPs, with 112 being down-regulated and 145 
up-regulated.

To further investigate the effects of VOC treatments 
under no P supply treatment, we investigated the func-
tions of DEPs identified between P0sy and P0bu. Of the 201 

Fig. 3  Analysis of root morphology and physiology of Chinese fir. The effects of treatment with exogenous VOCs on root length (a), root surface area 
(b), root volume (c), and root average diameter (d), along with the impacts on SOD activity (e), POD activity (f), MDA content (g), and Apase activity (h) 
under different treatments. P1sy and P1bu indicate treatments with syringic acid and 1-butene, respectively, under supply P treatment, while P0sy and P0bu 
indicate treatments with syringic acid and 1-butene, respectively, under no P supply treatment. * indicates a significant difference (p < 0.05) between the 
two treatment groups
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DEPs identified in this comparison, 108 could be classi-
fied using GO terms. In the Biological Process category, 
the most frequently observed GO terms among the DEPs 
included “cellular metabolic process”, “organic substance 
metabolic process”, and “primary metabolic process”; in 
the Cellular Component category, the most commonly 
observed were “intracellular”, “organelle”, and “cyto-
plasm”; and in the Molecular Function category, the most 
commonly observed were “organic cyclic compound 

binding”, “heterocyclic compound binding”, and “trans-
ferase activity” (Fig. 6a).

A total of 132 DEPs were classified using COG func-
tion classifications, with the most frequently observed 
classifications including “[O] Posttranslational modifica-
tion, protein turnover, chaperones”, “[G] Carbohydrate 
transport and metabolism”, and “[C] Energy production 
and conversion” (Fig. 6b). Subcellular localization analy-
sis revealed that the DEPs were most likely to localize to 

Fig. 4  Analysis of P use traits of Chinese fir. The effects of treatment with exogenous VOCs on Chinese fir aboveground P content (a), underground P 
content (b), total P content (c), aboveground P accumulation (d), underground P accumulation (e), total P accumulation (f), aboveground PUE (g), under-
ground PUE (h), and total PUE (i). P1sy and P1bu indicate treatments with syringic acid and 1-butene, respectively, under supply P treatment, while P0sy and 
P0bu indicate treatments with syringic acid and 1-butene, respectively, under no P supply treatment. * indicates a significant difference (p < 0.05) between 
the two treatment groups
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the chloroplast, the cytoplasm, or the nucleus (Fig. 6c). A 
total of 132 DEPs were classified using KEGG functional 
enrichment analysis, with “map03013 RNA transport” 
and “map00195 Photosynthesis” the most frequently 
observed classifications (Fig.  6d). Analysis of protein 
domains revealed that the most significantly enriched 
domains among the DEPs included “PF00150 Cellulase 
(glycosyl hydrolase family 5)”, “PF04969 CS domain”, and 
“PF07714 Protein tyrosine kinase” (Fig. 6e).

The expression of phosphate transport proteins
Phosphate transport proteins (PHTs) are crucial for the 
absorption and transportation of phosphate, particularly 
PHT1-4, whose expression is sensitive and responsive to 
no P supply treatment. Under no P supply treatment, the 
addition of 1-butene significantly reduced the expression 
of PHT1-4 by 34.7% compared to syringic acid (Fig.  7). 
These results indicate that the addition of 1-butene under 
low P conditions contributes to the alleviation of P stress 
in Chinese fir.

Discussion
Effects of exogenous VOCs on P use and distributions in 
Chinese Fir
Serving crucial sensory roles, plant root systems respond 
to environmental cues including nutrient availability, 
leading to modifications in root activities that demon-
strate significant plasticity [15]. Root VOCs drive plants 
to adjust their growth dynamics, rapidly responding to 
their surroundings [42]. The release of VOCs in Chinese 

fir roots can be increased under low P conditions [24]. 
Root systems are crucial for P absorption, with changes 
in root morphology markedly affecting P uptake (Liu 
[27]). The addition of 1-butene led to significant increases 
in root lengths, root surface areas, and root volumes as 
compared to addition of syringic acid under low P con-
ditions (Fig.  3a-c). No significant changes in morpho-
logical characteristics, such as root length, were observed 
under different P supply treatments without the addition 
of exogenous substances [28]. P uptake has been found 
to increase as the area of root-soil contact increases [49]. 
Hence, these findings suggest that 1-butene enhances 
root morphological traits, which may improve P uptake 
under low P conditions, highlighting its potential role in 
optimizing root function for nutrient acquisition.

Contrary to our expectations, the results from the P 
content analysis in Chinese fir diverged from the results 
of our morphological analyses. Compared to supply P 
conditions, the addition of 1-butene resulted in a signifi-
cant decrease in underground P content under low P con-
ditions, while underground PUE was enhanced (Fig. 4b, 
h). There is no significant difference in the underground 
PUE and underground P content of Chinese fir roots 
were observed between different P supply treatments 
without the addition of exogenous substances [28]. 
Although the increased root length and surface area may 
enhance the P absorption capacity of Chinese fir seed-
lings, the low P content in the environment may still fail 
to meet the adequate growth requirements of Chinese fir. 
Use efficiency pertains to a plant’s capacity for producing 

Fig. 5  Quality analysis of proteins and identification of DEPs. The relative standard deviation of protein quantification values under different treatments 
(a). The numbers of DEPs identified between different treatments (b). UP: DEPs were up-regulated; DOWN: DEPs were down-regulated. P1sy and P1bu in-
dicate treatments with syringic acid and 1-butene, respectively, under supply P treatment, while P0sy and P0bu indicate treatments with syringic acid and 
1-butene, respectively, under no P supply treatment
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biomass or yield from the P it has acquired [17]. One 
way to increase PUE in plants is to enhance P mobiliza-
tion within the plant [10]. In low P environments, plants 
enhance their PUE by converting endosomal organic P 
into inorganic P to sustain standard growth and develop-
ment [38]. This result seems inconsistent with the con-
clusion that 1-butene enhances P acquisition in Chinese 
fir by increasing root surface area. It suggests that in the 
short term under low P conditions, 1-butene actively aids 
Chinese fir in coping with P scarcity. On the one hand, 
1-butene modulates root morphology to enhance the 
plant’s ability to acquire P. On the other, it regulates inter-
nal P cycling to maintain adequate growth and develop-
ment under low P conditions.

The acquisition and redistribution of P within the plant 
is primarily facilitated by the PHT1 protein family [32]. 
PHT1-4, an essential member of the PHT1 family, plays a 
key role in P absorption under low P conditions [11]. This 
study showed that compared to exogenous syringic acid, 

the addition of 1-butene significantly reduced the expres-
sion of PHT1-4 under low P conditions (Fig. 7). In a pre-
vious study, the expression of PHT1-4 was upregulated 
under low P stress, while it was expressed at lower lev-
els under high P condition [35]. In comparison to syrin-
gic acid, the addition of 1-butene resulted in significant 
downregulation of PHT1-4 expression, suggesting that 
1-butene supplementation aids in alleviating low P stress 
in Chinese fir.

Effects of exogenous VOCs on resistance to low P 
conditions in Chinese Fir
The application of exogenous VOCs not only regu-
lates P uptake and PUE to alleviate low P stress but also 
maintains the adequate growth and development of the 
plant by regulating stress tolerance. Antioxidant resis-
tance serves as a key indicator of plant adversity dur-
ing adequate development [23]. Prominent antioxidant 
enzymes in plants include POD, SOD, and others, which 

Fig. 6  Identification and annotation enrichment analysis of DEPs. GO functional classifications (a), KOG classifications (b), predicted subcellular localiza-
tions (c), KEGG functional enrichments (d), and predicted protein domains (e) of DEPs identified between P0sy and P0bu. P0sy and P0bu indicate treatments 
with syringic acid and 1-butene, respectively, under no P supply treatment
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perform significant defensive roles in response to abi-
otic and biotic stresses [6, 37]. MDA is a product of lipid 
peroxidation and indicates oxidative membrane damage 
[2, 12]. Compared to the P supply treatment, we found 
that the addition of 1-butene significantly increased the 
activities of both enzymes under low P conditions while 
not significantly changing MDA content (Fig. 3e-g). The 
addition of syringic acid did not result in increased SOD 
and POD activities under low P conditions, but it did 
result in higher MDA content (Fig. 3e-g). The difference 
in effects also may stem from the distinct chemical prop-
erties of the two VOCs. 1-butene, an alkene, may have a 
significant impact on the activity of antioxidant enzymes, 
such as SOD [39]. In contrast, syringic acid, a phenolic 
acid, promotes lipid peroxidation in plants, resulting in 
the accumulation of substances such as H2O2, O2, and 
MDA within the plant [18]. Compare to syringic acid, the 
addition of 1-butene promoted the enhancement of anti-
oxidant capacity in the roots of Chinese fir under low P 
stress.

We conducted proteomic data analysis to assess dif-
ferential effects of treatment with various exogenous 
VOCs under low P conditions on phenylpropanoid bio-
synthesis. Following the addition of 1-butene, DEPs 
were significantly enriched in phenylpropanoid bio-
synthesis pathway, and the DEPs were also significantly 

upregulated (Fig. S1). In contrast, DEPs after the addition 
of syringic acid were no significantly enriched for phen-
ylpropanoid biosynthesis pathways (Fig. S2a, b). Phenyl-
propanoid biosynthesis secondary metabolites in plants, 
playing crucial roles in antioxidation, stress mitigation, 
and signal regulation [13]. Under low P conditions, the 
addition of 1-butene significantly promotes the biosyn-
thesis and accumulation of Phenylpropanoid biosynthe-
sis in Chinese fir seedlings. This suggests a potential link 
between the metabolic changes induced by 1-butene and 
the improved stress recovery capacity. In contrast, the 
addition of syringic acid did not exhibit similar effects. 
The promotion of Phenylpropanoid biosynthesis by 
1-butene is achieved by significantly upregulating the 
activity of key enzymes in the Phenylpropanoid biosyn-
thesis pathway, thereby enhancing antioxidant capacity 
and potentially improving stress resilience.

The upregulation of DEPs such as Phenylalanine 
ammonia-lyase 1, 4-coumarate-CoA ligase 7, and Per-
oxidase 3 upon 1-butene addition treatment (Fig. S1). 
These enzymes collaboratively enhance the metabolic 
flux toward phenylpropanoid biosynthesis and lignin 
production, which are crucial for antioxidative defense 
and structural reinforcement under low P conditions [4, 
13, 50]. Furthermore, the phenylpropanoid metabolites 
may influence root-rhizosphere interactions, enhancing 
nutrient cycling and adaptive capacity in nutrient-poor 
environments. In contrast, the addition of 1-butene sig-
nificantly enhances phenylpropanoid biosynthesis and 
associated stress-resilience mechanisms in Chinese fir 
seedlings under low P conditions, where as syringic acid 
did not induce similar metabolic changes, highlighting 
potential role of 1-butene in improving plant adaptation 
to nutrient limitations.

We found that the DEPs between P0sy and P0bu were 
significantly enriched in the RNA transport (Fig.  6d). 
RNA transport refers to the molecular exchange between 
the nucleus and cytoplasm, which is mediated by nuclear 
pore complexes embedded in the nuclear membrane [36]. 
Under the 1-butene addition, the expression of DEPs 
associated with RNA transport in the roots of Chinese 
fir was significantly upregulated compared to the syringic 
acid addition (Table S2). During plant stress responses, 
the synthesis and transport of stress-related factors rely 
on nucleocytoplasmic transport, frequently activating 
that enhance stress resilience [30]. These results indi-
cate that the upregulation of RNA transport proteins by 
1-butene may contribute to enhancing stress adaptation 
in Chinese fir under low P conditions.

Conclusion
This study demonstrated that 1-butene and syringic 
acid distinctly regulate root growth and physiological 
responses in Chinese fir seedlings under low P stress. 

Fig. 7  Protein expression of PHT1-4 under different treatments. P1sy and 
P1bu indicate treatments with syringic acid and 1-butene, respectively, 
under supply P treatment, while P0sy and P0bu indicate treatments with 
syringic acid and 1-butene, respectively, under no P supply treatment
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Among these, 1-butene is associated with enhanced P 
uptake capacity, PUE, and allocation within the plant, 
as well as improved antioxidant capacity, compared to 
syringic acid. This increased antioxidant capacity is likely 
attributed to the upregulation of key antioxidant enzymes 
and secondary metabolites, which helps mitigate oxida-
tive stress under low P conditions. These results highlight 
the potential of specific VOCs in optimizing root func-
tion and improving stress resilience in nutrient-limited 
plant. However, the long-term effects of these VOCs on 
plant growth and nutrient dynamics were not investi-
gated, and future studies should address the sustainability 
of these responses over extended periods. 
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