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Relationship between volatile organic compounds released and growth 
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To understand whether Chinese fir (Cunninghamia lanceolata) can conserve
energy by reducing root volatiles to maintain growth under low phosphorus (P)
conditions, we cultivated two half-sib families of Chinese fir that display high
and low P use efficiency under conditions of normal P supply and total P defi-
ciency.  Gas  chromatography-mass spectrometry  analysis  was used to deter-
mine the content of root volatiles, and the relationships among root volatiles
and root growth index, P content, and distribution were analyzed. There were
significantly fewer volatile organic compounds (VOCs) in the rhizosphere of
these two fir families, No. 25 and No. 32, under P deficiency. Low P supply sig-
nificantly promoted root growth in No. 25, increasing both average diameter
and volume. A negative correlation was found between the volatiles and the
increment of root average diameter and surface area. The belowground P dis-
tribution and the root to shoot P concentration (Pr/Ps) were higher in No. 25
than in No. 32. The total amount of VOCs, as well as the amount of 18 individ-
ual volatiles were positively correlated with P accumulation, aboveground P
distribution,  and belowground P distribution,  but the opposite  pattern was
seen in Pr/Ps for family No. 25 seedlings. We conclude that the content and
types of VOCs differ among the Chinese fir genotypes. Under low-P stress, the
roots of Chinese fir reduce the release of VOCs to maintain seedling growth.

Keywords:  Cunninghamia  lanceolata,  Low-phosphorus  Stress,  Root  Growth,
Root Volatile Organic Compounds, Energy Balance

Introduction
Phosphorus (P) supports important func-

tions in structural tissues and plays a cru-
cial  role in various metabolic processes in
plants (Zhu et al. 2016). However, available
P  in  the  soil  is  readily  bound  by calcium,
iron, and aluminum, resulting in extremely
limited  amounts  of  P  available  to  plants
(Wu  et  al.  2013).  In  nature,  some  plants
maximize P acquisition efficiency using my-
corrhizal symbioses (Plassard & Dell 2011),
rhizosphere  modification  through  secre-
tion  of  organic  acids,  protons,  and  phos-
phatases (Chen 2003, Pierik et al. 2014, Zou
et al. 2018).

These  adaptation  mechanisms  consume
energy and undoubtedly increase the respi-
ratory burden of root tissues (Lynch 2014).
However, plants must balance income with
investment (Lynch 2014). In order to main-

tain such a  balance,  some plants dissolve
root cortical cells into the cavity, reducing
respiratory  needs  and saving energy,  and
shift the dissolved P to meet the needs of
other parts of the plant (Burton et al. 2013,
Wu et al. 2018). In some crop species, the
root cortical aerenchyma are formed in the
old  root  tissue  to  lower  the  respiratory
consumption  and  ensure  the  normal
growth of young tissues (Fan et al. 2003).
Moreover, some plants or some genotypes
within  the  same  plant  species  effectively
improve water and nutrient acquisition in-
stead of accelerating root proliferation, as
the metabolic costs of expanding the root
system  in  the  soil  are  very  high  (Lynch
2014, Strock et al. 2018).

The  release  of  volatile  organic  com-
pounds (VOCs) produced by different plant
organs (leaves,  flowers,  fruits,  and roots)

represents a loss of  energy in the plants,
but is known to be the key mediator in bi-
otic  interactions  of  both  the  shoot  and
root systems (Dudareva et al.  2006,  Frost
et al. 2008, Falik et al. 2014, Peñuelas et al.
2014). However, when plants coexist with
individuals  of  the  same  species,  they  in-
crease the secondary  metabolism of  phe-
nols and antioxidants and reduce primary
metabolism, such as leaf  and root forma-
tion, in order to enhance their resistance to
environmental stresses while maintaining a
balance between energy generation and in-
vestment (Burton et al. 2013). In a study of
Rosmarinus  officinalis planted  in  a  group,
the  phenolic  compounds  in  leaves  in-
creased  significantly,  but  the  metabolism
of  lipids  and  amino  acids  decreased  (Or-
meño et al. 2007). In another study, bitou
bush (Chrysanthemoides monilifera  ssp.  ro-
tundata) released VOCs to inhibit the root
growth of a neighboring plant (Isolepis no-
dosa [Rott.] R. Br)  and maintain its domi-
nance (Ens et al. 2009). Thus, adjusting the
energy  balance  strategy  is  important  for
maintaining plant growth and coping with
environmental stress (Lynch & Ho 2005).

In previous studies, Chinese fir (Cunning-
hamia lanceolata [Lamb.] Hook.), a unique
fast-growing timber species in south China,
has been reported to reduce its energy ex-
penditure  under  low-P  stress  by  signifi-
cantly  decreasing  the  leaf  net  photosyn-
thetic rate, transpiration rate, and stomatal
conductance (Chen et  al.  2016,  Farooq et
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al.  2018).  However,  the  elite  genotypes
with  high  P  use  efficiency  had  a  greater
ability  to  forage  available  P  patches,  dis-
playing increased root proliferation in the
form of larger root surface area and root
volume  in  P-poor  than  in  P-rich  patches
(Wu et al. 2011,  Zou et al. 2015). How can
this energy-consuming behavior be recon-
ciled with the need to reduce energy ex-
penditure under P deficiency? As VOCs are
an important secondary metabolite, we hy-
pothesize that: (1) under low P stress, Chi-
nese fir  decreases the release of  VOCs in
order to reduce energy expenditure, to dif-
ferent extents in different genotypes; and
(2) the content of  VOCs released is nega-
tively correlated with plant growth traits,
especially with root morphological traits.

In  the  present  study,  conducted in  two
Chinese fir half-sib families with different P
use  efficiencies,  we  measured  the  root

growth increment, the average increase in
root diameter, the root surface area incre-
ment,  P  accumulation,  the  P  distribution
pattern, and the release of VOCs from the
rhizosphere  of  Chinese  fir  seedlings.  The
aim was to gain a better understanding of
the  energy  metabolic  balance  associated
with P acquisition in Chinese fir by studying
the  regulatory  mechanism  under  low-P
stress.

Materials and methods

Plant materials
Two half-sib  Chinese  fir  families,  No.  32

and No. 25, were selected from 1.5 genera-
tions of  seed orchard at  the state-owned
forest farm in Zhangping, Fujian Province,
SE  China.  These  families  were  selected
based on preliminary  observations  of  sig-
nificant differences (p  < 0.05) in P utiliza-

tion efficiency, with No. 32 showing lower
efficiency  than  No.  25  under  no-P  condi-
tions. For this preliminary experiment, six-
month-old seedlings were planted in pots
and harvested three months after the start
of the treatments (Wu et al. 2018). Hence,
we  used  healthy,  six-month-old,  uniform
seedlings (14.02 ± 0.42 cm in height, 2.48 ±
0.10 mm in root collar diameter) from the
forest farm as the test subjects. They were
cultivated in washed sand containing avail-
able P at 0.034 ± 0.007 mg kg-1.

Experimental design
Each seedling was cultivated in ad-hoc de-

signed acrylic pots, which were 15 cm long,
15 cm wide, and 20 cm in height (Fig. 1) in
the greenhouse at the College of Forestry,
Fujian Agriculture and Forestry University,
starting on October 30, 2016. Temperature
in the greenhouse ranged from 18 °C to 28
°C, and the relative humidity was 65.2% and
78.7% during the light and dark periods of
the experiment, respectively.  To each pot
we added 4.5  kg of  cleaned sand passed
through a 2-mm sieve and 10 g crystal mud
(Shenyang base stone, Shuanglong Chemi-
cal Co., China) that absorbed the Hoagland
solution (Wu et al.  2011) for 24 h (1 g dry
crystal  mud, with a particle size of 1  mm,
can absorb 100 mL solution).

The seedlings from two families were as-
signed to one of two P levels, normal P (P1:
1.0 mmol L-1 KH2PO4) and no P (P0: 0 mmol
L-1 KH2PO4). Each treatment was replicated
five times. A 200-mL volume of deionized
water was poured into the pot once every
2 days (at 7:00 p.m.), with water potential
70% (moisture probe mp-406,  ICT Interna-
tional Pty, Armidale, NSW, Australia).

Data collection

VOC collection and detection
The rhizosphere VOCs were collected at

10:00 a.m. on day 7, 14, and 21 during the
experiment.  VOCs  were  collected  three
times from three replicates, as well as from
two control containers that contained dif-
ferent P levels but no seedlings. The VOCs
released in the pots were collected by dy-
namic headspace collection (Robert et  al.
2012) as follows (Fig. 1). First, the left and
right top flaps were closed. To fill any gaps
between the planting trough and the stem
of  the  seedling,  a  layer  of  cotton  was
wrapped around the stem of the seedling.
Secondly,  a  2-L  volume  of  PVF  (polyvinyl
fluoride)  sampling  bag  (model  TD-4501,
Dalian Deling Gas Packaging Co., Liaoning,
China) was pumped to vacuum standby. A
drum-type collection device was used with
an air compressor to force the air through
the activated carbon, pass the gas flow me-
ter,  through  the  sealed  rhizosphere  con-
taining plants, and into the collection bag.
Next, the air compressor was opened and
the gas flow meter was adjusted to 20 L
min-1, the system was ventilated for 2 min-
utes to drain the air from the unit, and the
collection bag switch was opened. Finally,
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Fig. 1 - Schematic presentation of the collection of gases from the roots of Chinese fir
seedlings. The collection device was made of polyvinyl fluoride (PVF), which is chemi-
cally inert. The PVF sampling bag can store the gas over a long period of time with no
change to the concentration. The test device was a square box with a top divided into
two flaps, the left side leading to an air outlet that was connected to the collection
bag outside the tube. On the right side, an open air inlet was fixed to an annular hose,
with a uniform hole to ensure uniform flow of gas. A gas flow meter was connected
to the air inlet, providing a flow of air through activated carbon cylinders to clean the
air. VOCs released by the roots at the bottom of the tube flowed up to the air outlet.
The sides of the tube, the bottom plate, and the top cover were 5 mm thick and made
of acrylic material; the square pipe joints were watertight, and the entire test device
was airtight when closed. To ensure that no air leaked out of the box, tape was used
to seal the top flaps.
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Volatile organic compounds and Chinese fir root growth under low-phosphorus

the collection bag switch and the air com-
pressor switch were closed while the bag
was  filled.  After  collection,  the  sampling
bag was wrapped in a black opaque plastic
bag to prevent the VOCs from decompos-
ing.

Roots  can  produce  a  large  amount  of
VOCs such as terpenes (Lin et al. 2007). In
the  present  study,  18  VOCs  (Fig.  2)  were
screened and tested (Peñuelas et al. 2014).
The  VOCs  were  analyzed  by  gas  chro-
matography-mass  spectrometry  (GC-MS-
QP7890B®,  Agilent  Technologies,  Santa
Clara, CA, USA) operating in EI mode at 70
ev,  with  a  source  temperature  of  230°C,
scanning range 35-350 amu, and sweeping
speed at 3.125 u s-1. The GC-MS was fitted
with a fused silica HP1 capillary column (60
m × 0.32 mm) with helium as the carrier gas
with a flow rate of 4 mL min-1, and the injec-
tor temperature was set at 200 °C in split-
less mode. The oven temperature program
started at 10 °C and remained at that tem-
perature for 3 min, increased by 5 °C min-1

until it reached 120 °C, then increased by 10
°C min-1 to 250 °C and remained at 250 °C for
7 min, with a 3-min scan. The compounds
were identified  by  comparison with  mass
spectra in NIST 14.

Root morphology traits and P distribution 
determination

The tested seedlings were harvested on
November 20, 2016 (21 days after the treat-
ments were initiated). All roots were care-

fully cleaned with distilled water and dried
with filter paper, and the root system im-
age was scanned.  Then the root morpho-
logical  traits  such  as  root  length,  surface
area,  total  volume, and average diameter
were analyzed using WinRHIZO™ ver. 4.0B
root analysis system software (Regent In-
struments  Inc.,  Sainte-foy,  Quebec,  Cana-
da),  after  scanning  by  a  Canadian  Digital
Scanner  (STD1600®,  Epson,  USA).  The  in-
crements in root morphological traits were
calculated as differences in each trait  be-
fore and after the treatments.

The  harvested  seedlings  were  divided

into aboveground and belowground parts,
oven dried at 105 °C for 30 min to deacti-
vate enzymes,  and then dried at 79 °C to
constant mass to determine dry mass and
P concentration. The aboveground and be-
lowground  parts  of  the  seedlings  were
crushed, after which 0.2 g of the air-dried
sample was passed through a 2-mm sieve
and  weighed.  The  crushed  samples  were
digested with H2SO4-HClO4.  The P concen-
trations of the seedlings were measured by
phosphomolybdate  following the  method
described in He et al. (2003). We calculated
aboveground P distribution by multiplying
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Tab. 1 - Effects of Chinese fir family and phosphorus (P) supply level on root morpho -
logical traits, P allocation patterns and amount of volatile organic compounds (VOCs)
released by roots of seedlings. F-values are given with their level of significance. (*):
p < 0.05; (**): p < 0.01.

Group/Variable
Factors (F-values)

Family
(F)

P supply
level (P)

F × P

Amount of VOCs 7.40* 34.48** 9.32*
Increment of 
root 
morphology 
traits

Root length 68.22** 0.37 1.47

Root surface area 42.33** 4.39 0.41
Root average diameter 18.33** 13.43* 5.63*

Root volume 90.30** 62.23** 34.82**

P allocation 
patterns

P accumulation of whole plant 3.32 14.97* 0.005

P accumulation of root 1.46 15.11** 0.007

P accumulation of shoot 6.56* 0.52 0.001

Pr/Ps 7.77* 3.19 1.32

Fig. 2 - The amounts and
types of 18 volatile organic

compounds (VOCs) re-
leased from Chinese fir

roots after 21 days of low-
phosphorus stress. Within
each panel, bars (means ±

SE) labeles by the same
lowercase letter are not

significantly different
(p>0.05).
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aboveground  P  concentration  by  above-
ground  dry  biomass,  and  belowground  P
distribution  following  a  similar  process.
The  total  P  accumulation  equaled  above-
ground P distribution plus belowground P
distribution.  To  estimate  the  P  transloca-
tion efficiency, we calculated root to shoot
P concentration ratio (Pr/Ps).

Data analysis
The VOC components were analyzed by

Masshunter  Qualitative  Analysis  B.07.00
and Quantitative Analysis  B.07.01  (Agilent
Technologies, Santa Clara, CA, USA). Two-
factors analysis  of  variance (ANOVA) was
performed  to  determine  the  effects  half-
sib families (No. 25 and No. 32),  P supply

(P0 and P1) on the amount of VOCs released
by  Chinese  fir  roots,  using  the  software
package SPSS® ver. 19.0 (IBM, Armonk, NY,
USA).  In  addition,  the  differences  in
growth,  distribution of  P,  P accumulation
per family, P supply, and the interaction of
these factors were examined. Means that
exhibited significant differences (p < 0.05)
were  examined by  LSD multiple  compari-
son method. Correlations between growth
traits  and P accumulation and between P
distribution and VOC content at different P
treatments were also analyzed, and differ-
ences  were  considered  significant  at  the
0.05 level and highly significant at the 0.01
level (2-tailed). All data were expressed as
mean ± standard error.

Results

VOC types and amounts released by 
roots of Chinese fir under P stress

There was significant two-way interaction
effects  between  Chinese  fir  family  and  P
supply  level  on  the  amounts  of  VOCs  re-
leased  by  roots,  and  both  factors  signifi-
cantly affected the VOCs amounts on an in-
dividual basis (p < 0.05 – Tab. 1).

The  amount  of  VOCs  released  by  both
Chinese fir families was lower under P defi-
ciency (P0) treatment than under normal P
supply (Fig. 3).  As the duration of the ex-
periment continued,  the amount of  VOCs
decreased  strongly  and  the  difference  in
amount of VOCs reached a significant level
under P deficient treatment,  whereas the
amount did not change significantly under
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Fig. 3 - Changes in the amounts of volatile organic compounds (VOCs) released by Chi -
nese fir seedlings under different phosphorus supply conditions for different periods
of time. Within each inflection point, bars (means ± SE) labeled by the same lowercase
letter are not significantly different (p>0.05) in family no. 32 seedlings, by the same
capital letter are not significantly different (p>0.05) in family no. 25 seedlings.

Fig. 4 - Difference in the 
root length increment 
(A), average root diame-
ter increment (B), root 
surface area increment 
(C), and root volume 
increment (D) between 
two genotypes of Chi-
nese fir seedlings (fami-
lies no. 25 and no. 32) 
under low-phosphorus 
stress. Within each 
panel, bars (means ± SE)
labeled with the same 
lowercase letter are not 
significantly different 
(p>0.05).
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normal P supply treatment. Interestingly, P
deficiency  promoted the release of  1-but-
ene from family No. 32 seedling root at 21
days, while the amounts of other types of
VOCs released from both two families were
significantly less under P deficient than un-
der normal P supply treatment (Fig. 2), sim-
ilar pattern at 7 days and 14 days was ob-
served (see Fig.  S1  and Fig.  S2 in  Supple-
mentary material for the original data used
to perform this analysis).

Relationship between root growth and 
amount of VOCs under P stress

Root growth
There was significant two-way interaction

effects  between  Chinese  fir  family  and  P
supply level on the increments of root av-
erage diameter and volume (p < 0.05), but
not on the increments of root length and
surface  area  (p >  0.05  – Tab.  1).  Low  P
stress significantly promoted growth of av-
erage root diameter (Fig. 4A) and root vol-
ume  (Fig.  4B)  in  family  No.  25  seedlings
compared with the family No. 32 seedlings.
As individual factors, P supply level non-sig-
nificantly affected either root length or sur-
face area (p > 0.05). In contrast,  the root
morphology  growth  was  significantly  dif-
ferent in the two families (p < 0.05  – Tab.
1); both the increments of root length and
surface area of family No. 25 seedling roots
were  larger  than  those  of  family  No.  32
(Fig. 4C, Fig. 4D).

Correlation between root growth and 
amount of VOCs

For family No.  25 seedlings,  the correla-
tion between the amount of 18 individual
VOCs and the increment of root average di-
ameter was not significant (p > 0.05), but
the  increment  of  root  volume was  nega-
tively correlated with the total amount of
VOCs or the 18 individual VOCs (p < 0.05 –
Tab. 2). For family No. 32 seedlings, there
was  a  negative  correlation  between  the
amount of 16 individual VOCs and the incre-
ment of root average diameter, while the
increment  of  root  volume  was  positively
correlated,  the  relationship  with  the  re-
lease  of  1-butene  was  inverse;  however,
neither of these measures reached a signif-
icant level (p > 0.05 – Tab. 2).

Relation between P accumulation/alloc-
ation and VOC amount under P stress

P accumulation and allocation
The effect of Chinese fir family on P accu-

mulation of root system was significant (p
< 0.05  – Tab. 1).  The P supply level had a
significant  effect  both on P accumulation
of the whole plant and the shoot (p < 0.05
– Tab.  1).  Compared  to  P  deficient  treat-
ment,  the  P  accumulation  of  the  whole
plant and the shoot of families No. 25 and
No. 32 were significantly lower than that of
normal P supply treatment (p < 0.05 – Fig.
5A,  Fig. 5B), but not in P accumulation of
root system (p < 0.05 – Fig. 5C). Moreover,

the  P  accumulation  in  the  roots  and  the
Pr/Ps were higher for family No. 25 than for
family No. 32 seedlings (p < 0.05 – Fig. 5C,
Fig. 5D).

Correlation between P accumulation and 
allocation with amount of VOCs

The total amount of VOCs and the 18 indi-
vidual VOCs were positively correlated with

P accumulation in the whole plant, shoots,
and root system, but the opposite pattern
was seen in Pr/Ps for family No. 25 Chinese
fir seedlings (Tab. 3). Moreover, for family
No.  25  seedlings,  there  was  a  significant
correlation between P accumulation in the
whole plant  and the 18  types  of  volatiles
except 1-butene (p < 0.05). For family No.
32, the correlation between the individual
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Tab. 2 - Relationship between root morphology traits and amount of volatile organic
compounds (VOCs) released by roots of Chinese fir seedlings. (AD): Average diameter
increment; (V):  Volume increment;  (L):  Length increment;  (SA): Surface area incre-
ment; (*): p<0.05 (2-tailed); (**): p< 0.01 (2-tailed).

VOC
Family no. 25 Family no. 32

AD V L SA AD V L SA

Total VOCs -0.79 -0.94* -0.65 -0.24 -0.58 0.06 0.02 -0.62

Ethane -0.8 -0.93** -0.68 -0.17 -0.56 0.05 0.02 -0.6

Propane -0.76 -0.90* -0.62 -0.24 -0.56 0.05 0.02 -0.6
n-Butane -0.72 -0.96** -0.71 -0.26 -0.41 0.13 0.04 -0.11

Iso-butane -0.59 -0.84* -0.90* 0.002 0.65 0.51 0.7 0.78
2,3-Dimethylbutane -0.79 -0.93** -0.65 -0.24 -0.53 0.08 0.02 -0.6

Isopentane -0.66 -0.98** -0.67 -0.3 -0.54 0.12 0.04 -0.71
Cyclohexane -0.74 -0.94** -0.7 -0.3 -0.49 0.04 0.08 -0.82*

3-Methylhexane -0.8 -0.94** -0.68 -0.19 -0.5 0.08 0.01 -0.57

n-Decane -0.79 -0.94** -0.66 -0.22 -0.58 0.08 0.01 -0.64

Ethene -0.79 -0.94** -0.66 -0.21 -0.58 0.08 0.02 -0.63

Propene -0.75 -0.94** -0.59 -0.35 -0.51 0.1 0.03 -0.63

1-Butene -0.71 -0.96** -0.58 -0.35 0.56 -0.22 0.08 0.67
α-Pinene -0.8 -0.94** -0.67 -0.19 -0.57 0.07 0.02 -0.62

β-Pinene -0.79 -0.94** -0.65 -0.23 -0.59 0.06 0.01 -0.62
Styrene -0.8 -0.94** -0.66 -0.21 -0.61 0.09 -0.02 -0.65

Benzene -0.79 -0.94** -0.65 -0.22 -0.58 0.08 0.02 -0.64

Methylbenzene -0.76 -0.93** -0.57 -0.36 -0.6 0.02 0.01 -0.63

m/p-Xylene -0.77 -0.91* -0.52 -0.32 -0.56 0.11 0.02 -0.67

Fig. 5 - Phospho-
rus (P) accumula-
tion (A), above-
ground P distri-
bution (B), 
belowground P 
distribution (C), 
and ratio of 
belowground P 
concentration to 
aboveground P 
concentration 
(Pr/Ps – D) 
between two 
genotypes of 
Chinese fir 
seedlings (no. 25 
and no. 32) 
under low-P 
stress. Within 
each panel, bars 
(means ± SE) 
labeled with the 
same lowercase 
letter are not sig-
nificantly differ-
ent (p>0.05).
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amount of 16 types of VOCs and P accumu-
lation  in  the  whole  plant  was  positive,
while  Pr/Ps  was  positively  correlated,  the
relationship with the release of either iso-
butane or 1-butene being inverse; however,
neither of these VOCs reached a significant
level (p > 0.05 – Tab. 2).

Discussion
Different plant species produce different

kinds of VOCs (Bruinsma et al. 2009), and
there are also notable differences between
genotypes (Dam et al.  2010). The present
study showed  that  the VOCs  released by
two Chinese fir families were different. Sig-
nificantly higher amounts of iso-butane, cy-
clohexane, and ethane were released from
family No. 25 seedlings in response to dif-
ferent P levels compared with family No. 32
seedlings, although more n-butane was re-
leased by family No. 32 seedlings. Under P
deficiency,  the total  amounts of  VOCs re-
leased by family No. 25 and 32 were lower
than under normal P supply level (Fig. 3).
With  the  increasing  duration  of  P  defi-
ciency, the amounts of VOCs released was
severely inhibited, and the difference in the
amount of VOCs reached a significant level
under P deficient condition. Evidently, the
seedlings responded to P stress by reduc-
ing its secondary metabolism to conserve
resources and shifting the limited remain-
ing resources to more vital functions. More
metabolic resources are required for tasks
such as resource acquisition,  growth,  and
reproduction  (Lynch  1998,  Strock  et  al.
2018). However, P deficiency promoted the
release  of  1-butene  from  family  No.  32

seedling root system in this study (Fig. 3);
similarly,  emission  of  a  type  of  VOC (iso-
prene) increased in Phragmites australis ex-
posed to low P concentrations (Fares et al.
2008). They found that isoprene emission
was  limited  by  processes  other  than  the
availability  of  photosynthetic  byproducts
or by energetic (ATP) requirements under
high P supply levels.

The nutrient use efficiency of plants de-
pends on resource availability  and utiliza-
tion.  Chiou  &  Lin  (2011) reported  that
plants  possess  a  multivariate  signal  net-
work  consisting  of  hormones,  sugars,
miRNA, and other modulators that work at
different levels of regulation. The two Chi-
nese fir families analyzed in this study (No.
25 and No. 32) used different strategies to
cope with low-P stress, which may be the
reason for the difference in the release of
VOCs from their roots. Family No. 25, simi-
lar  to other Chinese fir  genotypes,  exhib-
ited “active capture of soil P,” and as such,
mainly  adapts  to  low-P  conditions  via
strong root proliferation and exudation of
chemical substances (Wu et al. 2011, Zou et
al. 2015, 2018). In contrast, family No. 32 is
like  the  “passive  low-P  tolerance”  geno-
type and could produce a high yield when
the  available  soil  P  concentration  was
lower  than  that  required  by  the  average
genotype, which mainly resists low-P stress
by accelerating the internal P cycle of the
plant  body,  e.g.,  via improving  the  effi-
ciency  of  P  utilization  by  dissolving  root
cortex cells (Wu et al. 2018). In the present
study, the root length and surface area of
family  No.  25  seedling  were  larger  than

those of family No. 32 (Fig. 4C, Fig. 4D). Ac-
cording to the principle of conservation of
energy,  genotypes  with  high  P  efficiency
need to consume more energy (Fan et al.
2003) and to balance their energy metabo-
lism  by  reducing  the  emission  of  root
volatiles.

The metabolic cost of soil  exploration is
an important component of plant growth
under low P availability (Lynch & Ho 2005).
The  lack  of  soluble  P  in  the  soil  caused
roots to expend more energy trying to de-
tect P resources (Lynch 2014). The VOCs re-
leased by roots represent a metabolic cost,
so reducing the VOCs is an adaptation to
save  energy  (Asensio  et  al.  2007).  In  the
present study, VOCs produced by the root
system of Chinese fir seedlings under P de-
ficiency affected the P accumulation of the
whole plant, the distribution pattern of  P
between  the  root  and  shoot  portions  of
the seedlings, and root growth. As the du-
ration  of  P  stress  was  prolonged,  signifi-
cant differences developed in the amount
of VOCs released by different families un-
der different P treatments. Many principles
associated with resource allocation and ac-
quisition  are  analogous  to  optimization
theory in economics, especially with regard
to limited internal resources and constrain-
ed availability of external resources (Lynch
& Ho 2005).

The genotype with high P use efficiency is
well suited to economic analysis (Lynch &
Ho 2005).  Under P deficiency,  the below-
ground P  distribution  and Pr/Ps  of  family
No.  25  were  higher  than  those  of  family
No. 32. Increased relative allocation to root
growth is obviously beneficial for P acquisi-
tion (Nielsen et al. 2001). The physiological
responses to Chinese fir to no-P stress in-
clude  altering  the  distribution  and  struc-
ture of roots (Wu et al. 2011), dissolution of
root cortical cells (Burton et al. 2013, Wu et
al. 2018), catalytic hydrolysis of acid phos-
phatase  (Chen  2003),  release  of  organic
acids (Wu et al. 2017), and reduction of leaf
net photosynthetic rate, transpiration rate,
and  stomatal  conductance  (Lim  et  al.
2003). It is of interest to determine wheth-
er  the  morphological  and  physiological
changes occur in roots after the VOCs re-
ceive  the  signal  molecules  indicating  the
conditions.

Furthermore,  VOCs  released  from  the
roots into the soil change the physical and
chemical properties of  the soil  and affect
the growth of  adjacent plants (Achard et
al.  2003).  Plant  roots  can identify  related
species according to their VOC profile (De-
puydt 2014). For example, ethylene, a well-
known phytohormone, is a critical compo-
nent  of  the  VOCs  and  can  mediate  the
growth  and  P  remobilization  in  the  root
systems  by  the  expression  of  the  P  defi-
ciency-responsive gene under low-P stress
conditions (Nagarajan & Smith 2012, Zhu et
al. 2016). The results of the present study
show  that  under  P  deficiency  stress,  the
root VOCs of Chinese fir influenced the ac-
cumulation of P and root morphology and
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Tab.  3 -  Relationship between phosphorus allocation traits  and amount of  volatile
organic compounds (VOCs) released by roots of Chinese fir seedlings. (PAW): P accu-
mulation in whole plant; (APD): aboveground P distribution; (BPD): belowground P
distribution; (Pr/Ps): root-shoot P concentration ratio; (*): p< 0.05 (2-tailed); (**): p<
0.01 (2-tailed).

VOC
Family no. 25 Family no. 32

PAW APD BPD Pr/Ps PAW APD BPD Pr/Ps

Total VOCs 0.88* 0.71 0.19 -0.49 0.73 0.86* 0.09 -0.76

Ethane 0.91* 0.66 0.16 -0.53 0.75 0.86* 0.06 -0.76

Propane 0.88* 0.8 0.35 -0.46 0.74 0.87* 0.07 -0.76

n-Butane 0.86* 0.73 0.3 -0.53 0.8 0.78 -0.13 -0.5

Iso-butane 0.84* 0.59 0.5 -0.59 -0.39 -0.19 0.2 0.09
2,3-Dimethylbutane 0.89* 0.68 0.15 -0.48 0.76 0.84* 0.05 -0.76

Isopentane 0.83* 0.75 0.31 -0.56 0.72 0.75 0.12 -0.76
Cyclohexane 0.84* 0.77 0.32 -0.44 0.68 0.7 0.1 -0.8

3-Methylhexane 0.90* 0.68 0.18 -0.52 0.77 0.85* 0.03 -0.76
n-Decane 0.89* 0.7 0.18 -0.51 0.72 0.84* 0.1 -0.76

Ethene 0.89* 0.68 0.19 -0.52 0.73 0.85* 0.1 -0.76

Propene 0.82* 0.76 0.21 -0.43 0.77 0.79 0.05 -0.76

1-Butene 0.81 0.76 0.22 -0.48 -0.64 -0.78 -0.25 0.77

α-Pinene 0.90* 0.67 0.16 -0.52 0.73 0.85* 0.09 -0.76

β-Pinene 0.89* 0.7 0.18 -0.5 0.72 0.87* 0.1 -0.76
Styrene 0.90* 0.7 0.18 -0.51 0.67 0.86* 0.17 -0.76

Benzene 0.89* 0.7 0.18 -0.5 0.72 0.84* 0.11 -0.76
Methylbenzene 0.83* 0.82* 0.28 -0.41 0.69 0.90* 0.1 -0.77

m/p-Xylene 0.85* 0.82* 0.27 -0.44 0.72 0.79 0.12 -0.76
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Volatile organic compounds and Chinese fir root growth under low-phosphorus

were to some extent correlated. However,
further  research  is  needed  to  determine
the other specific VOCs that promote phys-
iological changes (Wu et al. 2017).

Conclusions
Under different P supply conditions, the

type and quantity of root VOCs were signif-
icantly different in two Chinese fir families.
Under  total  P  deficiency,  the  amount  of
VOCs  of  family  No.  25  and  32  was  lower
that than under P1 treatment. Low P supply
significantly promoted growth of both av-
erage  root  diameter  and  root  volume  in
family  No.  25  seedlings  compared  with
family No. 32 seedlings. For family No. 25,
the  increment  of  root  volume was  nega-
tively correlated with 18 individual types or
total  amounts  of  VOCs.  For family No.  32
seedlings, there was a negative correlation
between 17 individual VOCs and the incre-
ment  of  root  average diameter.  Under  P
deficient treatment, the P accumulation of
the whole plant and aboveground P distri-
bution  of  family  No.  25  and  32  seedlings
were significantly lower than that of P sup-
plied treatment. The types and amounts of
18 VOCs were positively correlated with ac-
cumulation of  P,  aboveground P  distribu-
tion, and belowground P distribution, but
the opposite pattern was observed for the
Pr/Ps ratio in family No. 25 seedlings.
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