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Abstract

Background: The mixing of Eucalyptus with N2-fixing trees species (NFTs) is a frequently successful and sustainable
cropping practice. In this study, we evaluated nitrogen (N) transfer and conducted a proteomic analysis of the
seedlings of Eucalyptus urophylla × E. grandis (Eucalyptus) and an NFT, Dalbergia (D.) odorifera, from intercropping
and monocropping systems to elucidate the physiological effects and molecular mechanisms of N transfer in mixed
Eucalyptus and D. odorifera systems.

Results: N transfer occurred from D. odorifera to Eucalyptus at a rate of 14.61% in the intercropping system, which
increased N uptake and growth in Eucalyptus but inhibited growth in D. odorifera. There were 285 and 288
differentially expressed proteins by greater than 1.5-fold in Eucalyptus and D. odorifera roots with intercropping vs
monoculture, respectively. Introduction of D. odorifera increased the stress resistance ability of Eucalyptus, while D.
odorifera stress resistance was increased by increasing levels of jasmonic acid (JA). Additionally, the differentially
expressed proteins of N metabolism, such as glutamine synthetase nodule isozyme (GS), were upregulated to
enhance N competition in Eucalyptus. Importantly, more proteins were involved in synthetic pathways than in
metabolic pathways in Eucalyptus because of the benefit of N transfer, and the two groups of N compound
transporters were found in Eucalyptus; however, more functional proteins were involved in metabolic degradation
in D. odorifera; specifically, the molecular mechanism of the transfer of N from D. odorifera to Eucalyptus was
explained by proteomics.

Conclusions: Our study suggests that N transfer occurred from D. odorifera to Eucalyptus and was affected by the
variations in the differentially expressed proteins. We anticipate that these results can be verified in field
experiments for the sustainable development of Eucalyptus plantations.

Keywords: Rhizosphere interaction, Nitrogen uptake, Nitrogen transfer, Differentially expressed proteins, Molecular
mechanisms

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: yshaoming@163.com
1College of Forestry, Guangxi University, Nanning 530004, Guangxi Province,
China
Full list of author information is available at the end of the article

Yao et al. BMC Plant Biology          (2021) 21:201 
https://doi.org/10.1186/s12870-021-02969-9

http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-02969-9&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:yshaoming@163.com


Background
Although plantations represent only 5% of the total for-
est area, they fulfill more than 33% of the global demand
for wood products, which is anticipated to increase
sharply in the coming decades [1]. Eucalyptus is widely
planted in the tropics and subtropics and is one of the
most important fast-growing trees for pulp and paper as
well as the biorefinery industries [2], not only in sub-
tropical China but also throughout the world. This tree
covers 4.6 million hectares in China [3]. While Eucalyp-
tus is considered to have a high commercial value, its
drawbacks include high levels of nitrogen (N),
phosphorus and water consumption with successive
rotations, all of which decrease productivity [4]. This
phenomenon occurs because N availability is often a fac-
tor limiting Eucalyptus growth [5], and additional N in-
put may be required to ensure high and sustainable
stand production. Therefore, fertilizers are often used in
commercial eucalypt plantations, but the utilization rate
of exogenous N is very low at only approximately 30%
[6]. High levels of N export during harvesting every 6–7
years have led to concerns about the economic sustain-
ability of these plantations, and current silvicultural
practices result in higher N outputs than N inputs in
most commercial eucalypt plantations [7], which can be
expensive and potentially contribute to water eutrophi-
cation or other types of pollution [8, 9]. Thus, ecological
mechanisms that occur in natural ecosystems to sustain
productivity should be utilized [10], and the slight drop
in productivity could be worth the reduced fertilizer
costs if the difficulties of implementing mixed planta-
tions are overcome by forest managers [1, 9].
Introducing N2-fixing tree species (NFTs) into Euca-

lyptus plantations may be an attractive option for sus-
taining high yields [11], combining ecological processes
of facilitation between NFTs and non-N2-fixing tree spe-
cies (non-NFTs) with large N inputs resulting from bio-
logical fixation of atmospheric N2 [8, 9]; additionally,
this strategy may be a promising way to balance the soil
N budget and improve soil N availability through N2 fix-
ation and N recycling [12]. Many experiments have con-
firmed that, compared to eucalypt monocultures, mixed
plantations with NFTs have the potential to increase
wood production [1, 13, 14]. The positive interactions
may help enhance stand productivity in mixed-species
plantations with NFTs [1, 3, 15], and complementarity,
which results in differences in the resource requirements
between the species in the mixture when interspecific
competition is lower than intraspecific competition,
leads to the improved use of available resources at the
stand level [16]. Nitrogen availability is likely increased
for Eucalyptus growing in a mixture with NFTs in three
ways. First, N is released by the death of plant and mi-
crobe tissues and the decomposition of NFTs and

becomes available to Eucalyptus through the N cycles in
the ecosystem [17]. Second, the soil N availability is im-
proved to alleviate N limitations because of the N fix-
ation by NFTs, which facilitates the growth of the target
species in N-limited soils [9, 18], so more soil N may be
available to Eucalyptus [3, 15]. Third, the mixing of
Eucalyptus and NFTs changes the N utilization mechan-
ism mainly through N transfer.
There has been much research on the first two

ways to improve N utilization between Eucalyptus
and NFTs [19, 20], while studies on N transfer to im-
prove N contents have also been performed [3, 15].
To date, studies of N transfer have only concentrated
on the patterns of tree growth, plant biomass, nutri-
ent content and biological N fixation by N transfer in
Eucalyptus and NFT plantations [1, 3, 11], and the
mechanism of N transfer between Eucalyptus and
NFTs is still poorly understand. It is thought that N
derived from the atmosphere can become rapidly
available to non-NFTs through root exudation or by
direct transfer through common mycorrhizal networks
[21], and the root system can act as a transmission
tool to achieve N transfer underground. Nevertheless,
studies on the molecular mechanisms of root interac-
tions in the mixed systems of Eucalyptus and NFTs
are lacking, and a change in plant root proteomics is
crucial for the sustainable development of plant
physiological metabolism in the forestry system and
indirectly affects plant biological yield. Therefore, elu-
cidating the molecular mechanisms of root develop-
ment and function is important for improving plant
productivity [22].
Over the past decade, management has been shown to

affect subsoil root activity, and proteomics has become a
common tool to resolve biotic, abiotic, physiological and
biochemical processes in plants [23]. Proteomic strat-
egies have become powerful tools that [24], when com-
bined with complementary molecular genetics and
physiological analyses, can provide a framework for un-
derstanding the molecular basis of complex biological
processes [25]. However, most studies have reported that
root morphological responses to a heterogeneous nutri-
ent supply and flooding [26] or responses to environ-
mental stresses [27, 28], such as iron sufficiency/
deficiency conditions [29] and N nutrition stress [30],
drought stress [31] and temperature variations [32], are
the major factors affecting the physiological metabolism
of the root system. Additionally, a few studies of root
proteomics have been reported in intercropping systems,
such as the maize/peanut [33] and bean (Vicia faba)/
maize [34]. However, proteomic studies on N absorption
in NFTs and Eucalyptus mixed plantations are lacking,
as it is difficult to address ecological problems in a
mixed system of woody plants. Thus, we hypothesized

Yao et al. BMC Plant Biology          (2021) 21:201 Page 2 of 15



that the yield of the mixed Eucalyptus and NFTs was
also affected by the differentially expressed proteins.
E. urophylla × E. grandis and an NFT, Dalbergia

odorifera, which is grown in intercropping and mono-
culture systems, were used in our study. The differ-
ences between intercropping and monoculture
treatments of the two species were found to result
from rhizosphere effects. To elucidate the molecular
basis of the E. urophylla × E. grandis and D. odorifera
intercropping system, the two species were planted
under the same soil conditions. Foliar 15N labeling
was used to determine N transfer, and TMT/iTRAQ
labeling was used to detect the expression levels of
several N metabolism genes in the roots of the two
species grown in different planting systems. The aims
of the experiments were (1) to verify the competitive
advantages of the two species with regard to N ab-
sorption and N transfer in the intercropping system
and (2) to study the effects of differentially expressed
proteins and the proteins involved in synthetic and
metabolic pathways on N transfer.

Results
Root morphology, N uptake and N transfer
The results showed that, compared to those of the
monoculture, the root length, surface area, dry matter
accumulation and N content of E. urophylla × E. grandis
in the intercropping system significantly improved by
25.93, 18.22, 45.09 and 75.19%, respectively. Neverthe-
less, these parameters decreased by 11.12, 11.42, 26.43
and 28.48% in D. odorifera, respectively (Fig. 1a, b, c, d,
e and f). In addition, 15N atom % in both species were
detected (Fig. 2a and b), we found that N transfer oc-
curred from D. odorifera to E. urophylla × E. grandis at
a rate of 14.61%, which was equal to 150.62 mg of N
transfer from D. odorifera to E. urophylla × E. grandis
(Fig. 2c and d).

Proteomic analysis revealed differentially expressed
proteins
Our results showed that the mass error was within the
requirements because the peptide mass error takes the
origin as the central axis and has a range of less than 10

Fig. 1 Total biomass and N content of E. urophylla × E. grandis and D. odorifera under different planting systems, where (a) is the root length, b is
the total surface area of roots; c is the whole pant biomass; d is the ratio of aboveground to belowground on biomass; e is the root N
concentration and (f) is the root N content of both tree species, respectively. Note: E. u × E. g is E. urophylla × E. grandis and Dal. o is D. odorifera
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Fig. 2 Atom % 15N in plant components and N transfer between D. odorifera and E. urophylla × E. grandis in an intercropping system, where (a) is
15N atom %, (b) is the N content in D. odorifera and E. urophylla × E. grandis, (c) is the percentage of N transfer and (d) is the amount of N
transferred

Fig. 3 Quality control test results of mass spectrometry data, where (a) and (c) represent the peptide mass error of E. urophylla × E. grandis and
D. odorifera, and (b) and (d) represent the peptide length of E. urophylla × E. grandis and D. odorifera, respectively
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PPM (Fig. 3a and c). Second, the sample preparation was
up to standards because most of the peptide lengths
were distributed between 8 and 20 amino acid residues
(Fig. 3b and d), which conforms to the law of trypsin di-
gestion of peptides. In our study, a protein was consid-
ered differentially expressed when the protein had both
a log2-fold change of more than 1.5 (upregulated) or less
than 0.667 (downregulated) and a p-value of less than
0.05. Based on the comparison of intercropping and
monoculture systems, 285 groups of differentially
expressed proteins were detected in E. urophylla × E.
grandis roots, 154 groups (54.04%) of which displayed a
decreased abundance and 131 groups (45.96%) of which
displayed an increased abundance. For the D. odorifera
roots, we identified 67 groups (29.39%) of downregulated
and 221 groups (70.61%) of upregulated proteins
(Table 1, Tables S1 and S2).

Functional enrichment of the differentially quantified
proteins
In our study, the results showed that the differentially
expressed proteins with a fold change of at least 1.5 were
related to biosynthesis, stress and defense responses,
carbohydrate and energy metabolism, nucleic acid me-
tabolism, protein metabolism cell transport, biological
regulation and signal transduction, cell wall and cyto-
skeleton metabolism, jasmonic acid (JA) biosynthesis
and others. For intercropping vs monoculture of
Eucalyptus, the proteins of biosynthesis, nucleic acid
metabolism and cell transport were upregulated and the
others downregulated (Fig. 4a). For D. odorifera, most of
the proteins were downregulated except those with func-
tions in biosynthesis for intercropping vs. monoculture
(Fig. 4b).
After the proteins were assigned to different cat-

egories, their quantities were calculated via the -log10
(p-value) method. For E. urophylla × E. grandis inter-
cropping vs monoculture, the difference in protein
content varied from 1.51 for those related to
glutamate-ammonia ligase activity to 10.79 for re-
sponse to a biotic stimulus (Fig. 5a). Nevertheless, for
D. odorifera, the protein content varied from 1.33 for
envelope to 3.87 for domain-specific binding proteins
(Fig. 5b).

KEGG pathway analysis of the differentially expressed
proteins
Four pathways were identified for E. urophylla × E.
grandis proteins, e.g., ribosome (13 groups of proteins,
p < 0.05), phenylpropanoid biosynthesis (9 groups of
proteins), starch and sucrose metabolism (6 groups of
proteins) and sesquiterpenoid and triterpenoid biosyn-
thesis (2 groups of proteins) (Fig. 6a and Table S3). For
D. odorifera proteins, six pathways were identified,
which included spliceosome (10 groups of proteins),

Table 1 Differentially expressed protein summary of E. urophylla × E. grandis/D. odorifera (Filtered with the threshold values of the
expression fold change and P-value < 0.05)

Tree species Total spectrums Identified proteins Quantifiable proteins Compare group Regulated type Fold change > 1.5

E. urophylla × E. grandis 254,765 5246 4414 In_E/Mo_E downregulated 154

upregulated 131

D. odorifera 224,342 5005 4136 In_D/Mo_D downregulated 67

upregulated 221

Fig. 4 Functional category distribution of the identified proteins. a
The proteins of E. urophylla × E. grandis in intercropping vs
monoculture, and b D. odorifera in intercropping vs monoculture.
In_ E and Mo_E represent intercropped and monoculture E.
urophylla × E. grandis, and In_D and Mo_D represent intercropped
and monoculture D. odorifera, respectively
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Fig. 5 GO-based enrichment analysis of all the proteins from E. urophylla × E. grandis and D. odorifera. a E. urophylla × E. grandis intercropping vs.
monoculture, and b D. odorifera intercropping vs monoculture. In_ E and Mo_E represent intercropped and monoculture E. urophylla × E. grandis,
and In_D and Mo_D represent intercropped and monoculture D. odorifera, respectively
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flavonoid biosynthesis (4 groups of proteins), glycosphin-
golipid biosynthesis-globo and isoglobo series (2 groups
of proteins), ubiquitin-mediated proteolysis (4 groups of
proteins), fatty acid degradation (4 groups of proteins),
and protein processing in the endoplasmic reticulum (8
groups of proteins) (Fig. 6b and Table S4).
The quantities were calculated via the -log10 (p-value)

method, similar to the functional enrichment. For inter-
cropping vs. monoculture of E. urophylla × E. grandis,
the abundance of proteins related to sucrose metabol-
ism, metabolism, ribosome, triterpenoid biosynthesis, B6
metabolism, and aspartate and glutamate metabolism
was significantly increased. Nevertheless, D. odorifera
showed different results, as acid degradation, mediated
proteolysis, processing in the endoplasmic reticulum,
polymerase, biosynthesis-globo and isoglobo series, spli-
ceosome, and secondary metabolism pathways were sig-
nificantly enriched (Fig. 7).

Differentially expressed proteins by PRM
The differentially expressed proteins identified by
iTRAQ were validated by PRM. For analysis by PRM, we
selected 4 groups of proteins involved in N metabolism
and physiological metabolism, which were common to
both species. As shown in Table 2, the gene expression
levels of the four groups for both tree species, were well
matched. The mean expression levels of the peroxidase
and N metabolism were all higher in the intercropping
Eucalyptus than in the monoculture, and all of these
proteins demonstrated a higher level in intercropping D.
odorifera. The t-test revealed some differences in the
levels of the four target proteins under these two differ-
ent conditions, which was exactly consistent with the
trend observed when the protein levels were quantified
by iTRAQ.

To examine the correlation and accuracy between the
data from the iTRAQ and PRM analyses, we compared
the correlation between the protein expression levels ob-
tained by iTRAQ with that obtained by PRM. The re-
sults show that, for the iTRAQ and PRM data, the
peroxidase and ribosomal protein levels were signifi-
cantly correlated (R2 > 0.75), whereas the N metabolism
and transport protein levels were not significantly corre-
lated (0.50 ≤ R2 < 0.75).

Discussion
Improved nutrient utilization is one of the major advan-
tages of legume/non-legume intercropping systems [35],
and it depends mainly on the ability of the roots to ac-
quire external resources for plant survival in different
environments and to adapt to external disturbances [36].
In this study, our results showed that interspecific rhizo-
sphere effects significantly improved N uptake and pro-
moted the development of E. urophylla × E. grandis, but
the effect on D. odorifera in the intercropping systems
was limited, possibly because the root exudates by Euca-
lyptus had an allelopathic effect on D. odorifera [37]. In
addition, the transferred N provided key N resource for
Eucalyptus and significantly improved seedling physio-
logical performance by increasing plant growth and nu-
trient storage reserves for subsequent root growth [38].
Nevertheless, the limitations on the root growth of D.
odorifera may have also been caused by N transfer and
reduced its own N nutrients [3, 15]. Our results also em-
phasized that planting NFTs might be an attractive op-
tion for maintaining the N fertility of soils planted with
Eucalyptus [4, 39]. In addition to the soil and root N
concentration [3], N transfer was most likely caused by
differentially expressed proteins of plant roots.
In our study, there were 285 and 288 differentially

expressed proteins of greater than 1.5-fold detected in E.

Fig. 6 Differential proteins involved in KEGG pathways. a E. grandis intercropping vs monoculture and b D. odorifera intercropping
vs monoculture
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urophylla × E. grandis and D. odorifera roots in the
intercropping and monoculture systems, respectively
(Table 1). From the differentially expressed proteins, the
identified proteins were further categorized on the basis
of their putative functions. The proteins with a higher
abundance in intercropping were mainly involved in
stress tolerance (26.7%) and metabolism proteins (16.0%)
of Eucalyptus (Fig. 4a), while most of differentially
expressed proteins that were upregulated (76.7%) in

intercropped D. odorifera (Table 1), especially metabolic
proteins, involved upregulated proteins at a rate of
43.4% (Fig. 4b). In addition, among the 4 group proteins
in common for both trees analyzed by PMR, the ratio of
the downregulated root protein groups decreased, but
that of the upregulated protein groups increased (Table
2). The difference between gene expression level and
protein abundance was caused by post-translational
modifications. The use of proteomics to identify key

Table 2 Results of relatively quantitative analysis of target peptide by PRM

Species Protein name Mo_average In_average Ratio_In/Mo P-value (T-test)

E. urophylla × E. grandis Peroxidase A0A059AL91 0.619 1.381 2.231 0.00566

Ribosomal protein A0A059BJR3 1.365 0.635 0.466 0.00012

N metabolize A0A059BMH2 0.646 1.354 2.097 0.00256

Transport protein A0A059DEJ5 1.265 0.735 0.581 0.00063

D. odorifera Peroxidase TRINITY_DN34877 0.671 1.329 1.979 0.00001

Ribosomal protein TRINITY_DN31489 0.764 1.236 1.619 0.00212

N metabolize TRINITY_DN39873 0.467 1.533 3.279 0.00000

Transport protein TRINITY_DN49158 0.626 1.374 2.197 0.00426

Fig. 7 KEGG pathway enrichment-based clustering analysis of all the identified proteins. In_ E and Mo_E represent intercropped and monoculture
E. urophylla × E. grandis, and In_D and Mo_D represent intercropped and monoculture D. odorifera, respectively
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proteins associated with metabolism (e.g., N metabolism
and amino acid metabolism) and synthesis processes can
provide insight into the mechanisms of N transfer.

The positive effects of Eucalyptus likely arise from
differentially expressed proteins in the intercropping
system
Comparative proteomics of roots are frequently used to
investigate growth, especially physiological stress re-
sponse mechanisms in plants [40]. Previous studies have
shown that monoculture Eucalyptus may be less effect-
ive at decreasing diseases and enhancing disease sup-
pression than intercropped Eucalyptus [35, 41]. Our
proteomic study indicated that some crucial proteins of
stress- and defense-related proteins increased in mono-
culture E. urophylla × E. grandis roots in response to
oxidative stress, including those related to response to
biotic stimulus, defense response, response to stress, and
response to stimulus, among others (Figs. 4 and 5). For
example, higher levels of peroxidase in intercropped E.
urophylla × E. grandis were detected (A0A059AL91,
Table 2), which not only prevented active injury but also
degraded auxin (probable indole-3-acetic acid-amido
synthetase GH3.1 IAA) and reactive oxygen species
(ROS) [34]. These changes further promoted the rebal-
ancing of the hormonal system and regulated the forma-
tion of adventitious roots and lateral roots to adapt to
environmental stresses [42]. However, peroxidase 4-like
(Additional file 2: TRINITY_DN34591, Table S2-No. 55)
and nodulin-13-like isoform X1 (Additional file 2: TRIN
ITY_DN40711, Table S2-No. 112) were downregulated
in intercropped D. odorifera, which may also indicate in-
hibitory effects on D. odorifera in the intercropping
system. Additionally, alcohol dehydrogenase was upregu-
lated in monoculture E. urophylla × E. grandis when
plants were under stress (Additional file 1:
A0A058ZYN2, Table S1-No. 160), and then, the
nucleobase-ascorbate transporter showed higher expres-
sion to regulate the H2O2 content in plants to improve
their stress resistance [43]. Eucalyptus growth would
benefit from the changes in these proteins because of
the introduction of NFTs.
In E. urophylla × E. grandis roots, glutathione S-

transferase (GST) (Additional file 1: A0A059AX10,
Table S1- No. 49) and the homolog glutathione S-
transferase U25 (Additional file 1: A0A058ZUA9, Table
S1-No. 60) increased in the intercropping system com-
pared to the monoculture system; these compounds play
a crucial role in cell detoxification and stress tolerance
in plants [33], increasing toxin removal through in-
creased enzyme levels [44]. In addition, high contents of
gibberellins (Additional file 1: A0A059A3Y5, Table S1-
No. 6) and thioredoxin (Additional file 1: A0A059BPT5,
Table S1-No. 99) were found in intercropping E.

urophylla × E. grandis roots, which can ameliorate plant
diseases. Therefore, intercropping vs monoculture re-
vealed an advantage of Eucalyptus growth and provided
Eucalyptus with stronger stress resistance [33, 34]
through protein regulation. Nevertheless, for intercrop-
ping vs monoculture D. odorifera, the gibberellins (Add-
itional file 2: TRINITY_DN35143, Table S2-No. 61)
were downregulated because of the increasing stress re-
sistance. Under such circumstances, jasmonic acid (JA)
signaling, which plays an important role in the self-
protective responses against opportunistic damage, was
upregulated [33]. Overall, we suggest that the advantages
of Eucalyptus interactions in intercropping systems may
improve its ecological adaptation compared with mono-
culture systems, while the advantages of Eucalyptus in
these interactions likely represents a key signal for N
transfer from D. odorifera.

Regulation of N transfer between Eucalyptus and D.
odorifera from a proteomics perspective
As shown in previous studies, legume-derived N is trans-
ferred to neighboring Eucalyptus plants [3, 15]. In our
study, we demonstrated that N transfer occurred from
D. odorifera to E. urophylla × E. grandis at a rate of
14.61%, which was equal to an enhancement of 150.62
mg N in E. urophylla × E. grandis (Fig. 2) and was re-
lated to differential protein expression. Proteins related
to N compound transport, which promote the synthesis
and transport of N in plants, were found at a higher
abundance in intercropped E. urophylla × E. grandis.
We believe that the higher abundance of N transport
proteins is beneficial to the synthesis and absorption of
N by E. urophylla × E. grandis. Importantly, through
KEGG pathway analysis of intercropping vs monocul-
ture, more proteins with functions in synthesis (11
groups) than metabolic functions (6 groups) were found
in E. urophylla × E. grandis, while the opposite result
was found in D. odorifera (20 groups for metabolic and
6 groups for synthesis functions) (Figs. 6 and 7, Tables
S3 and S4); these may represent a key signal for N trans-
fer from D. odorifera to Eucalyptus. N transfer to the as-
sociated plants from NFTs occurred through the direct
excretion of N compounds from active nodulated roots
[44, 45] or the exudation of soluble N compounds from
the decomposition of dead plant parts [46], resulting in
more metabolic pathways in D. odorifera with intercrop-
ping vs monoculture. Therefore, to meet the conditions
for N transfer in the intercropping system, more N com-
pounds were secreted by intercropped D. odorifera with
a greater number of metabolic proteins, while synthesis
probably occurred in intercropped Eucalyptus after ab-
sorption of the N compounds from D. odorifera.
In addition to these intuitive representations, N trans-

fer was related to the proteomics of N metabolism and
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N assimilation proteins in both species in our study. The
results showed that the abundance of N-metabolized
proteins changed in the two species via root interactions,
with high protein levels of glutamate dehydrogenase
(GDH) and glutamine synthetase nodule isozyme (GS)
(Additional file 1: A0A059BTT8, Table S1-No. 118) in E.
urophylla × E. grandis with intercropping vs monocul-
ture (upregulated by 1.5-fold). When a plant absorbs in-
organic N from the soil, GS and GDH are used to first
converted it into organic nitrogen. Thus, GS can channel
all of the N in the plant through the catalysis of reac-
tions, and it is a key enzyme in the N assimilation and
metabolism pathways [47, 48]. A previous study showed
that GS in plants improved plant growth and productiv-
ity [33] due to increases in the abundance of N metabol-
ism proteins, such as GDH and GS, by the rhizosphere
effect [34]. Our results also showed that rhizosphere ef-
fects promoted N assimilation and productivity in E.
urophylla × E. grandis roots, but restricted those in D.
odorifera. More importantly, sucrose synthase (SuSy)
was found in D. odorifera roots (Additional file 2: TRIN
ITY_DN40013, Table S2-No. 106) and was downregu-
lated in the intercropping system. Gordon et al. (1999)
suggested that sucrose metabolism regulates and con-
trols SuSy expression in NFTs to alter the N fixation ef-
ficiency [49]. Our previous research has confirmed that
there was a positive correlation between N transfer and
N2-fixation in NFTs [3, 50]; thus, the change in SuSy
suggested that N transfer occurred between D. odorifera
and E. urophylla × E. grandis. All these results indicated
that GS, GDH and SuSy are the key signals for N trans-
fer in the intercropping system.
Amino acid metabolism is also a key factor reflect-

ing N metabolism and transport between E. uro-
phylla × E. grandis and D. odorifera. N-deficient
root tissues are capable of rapidly promoting the de-
composition of amino acids and the synthesis of new
amino acids through aminotransferase, which medi-
ates the level of N metabolism [51]. Peptide-N4-(N-
acetyl-beta-glucosaminyl) asparagine amidase A
(Additional file 1: A0A059A9F1, Table S1-No. 205)
and aspartyl protease AED3 isoform X2 (Additional
file 1: A0A059AD87, Table S1-No. 195) showed a
lower accumulation in the intercropping system
compared to the monoculture, which indicated N
transfer to Eucalyptus and alleviated the N deficiency
in the intercropping system. Isocitrate dehydrogenase
(ITD) induces isocitrate oxidative decarboxylation to
produce A-ketoglutaric acid, and NADP+-ITD in the
cytoplasm is connected to the GS/GAGOT cycle,
providing a carbon skeleton and NADPH for ammo-
nium assimilation. Here, we found that the NADP-
dependent malic enzyme isoform X1 in was higher
E. urophylla × E. grandis roots under intercropping

than monoculture, but the change was less than 1.5-
fold, indicating that the direction of carbon skeleton
flow to N assimilation was enhanced. Additionally,
we also found higher expression levels of transamin-
ase, which catalyzes the amino transfer between
amino acids and ketoacids, in the two species in the
intercropping system vs. monoculture. For example,
alanine-glyoxylate aminotransferase (Additional file 1:
A0A059A1E9, Table S1-No. 108) and D-amino-acid
transaminase (A0A059BMH2, Table 2 and Additional
file 1: Table S1-No. 131) of E. urophylla × E. grandis
was upregulated; for D. odorifera, putative branched-
chain-amino-acid aminotransferase 7 isoform X1
(TRINITY_DN45090), acetylornithine aminotransfer-
ase (Additional file 2: TRINITY_DN44984, Table S2-
No. 163) and tryptophan aminotransferase-related
protein 4-like (TRINITY_DN39873, Table 2 and
Additional file 2: Table S2-No. 105) were upregu-
lated. These results emphasized that N assimilation
was enhanced in plant roots, especially those of Eu-
calyptus, in the intercropping system, which explains
the indirect indication of N transfer between the two
species.

Potential effects of different glycolytic pathways and the
TCA cycle on N transfer
Previous studies have suggested that N shortage also
causes abundant changes in proteins involved in glycoly-
sis and the TCA cycle [51]. The glycolytic pathway de-
grades sugars to pyruvate [52], and when the
mitochondrial pyruvate carrier is reduced, the pyruvate
carrier protein on the mitochondrial intima is decreased.
Pyruvate kinase, the rate-limiting enzyme for transfer-
ring the high-energy phosphate from phosphoenolpyr-
uvate to ADP and producing ATP, was found at a higher
level in D. odorifera roots with intercropping vs mono-
culture, possibly due to the N in the intercropped D.
odorifera transfer to E. urophylla × E. grandis. In
addition, N-deficient tissues were capable of rapidly in-
corporating acetate into certain fatty acids, particularly
palmitic and oleic acids. The degradation of those com-
pounds to yield acetyl-CoA (AC) is termed ketogenic be-
cause these substances can be used to synthesize fatty
acids or ketone bodies [51]. The enhancement of gly-
colysis will lead to the accumulation of AC during the
TCA cycle, resulting in large amounts of ATP in re-
sponse to the acute N deficiency [53]. In our study, AC
(Additional file 2: TRINITY_DN48754, Table S2-No.
238) was found at a higher level in intercropped than in
monoculture D. odorifera in response N deficiency after
N transfer. Moreover, the TCA cycle, the key process in
the energy cycle and the ultimate metabolic pathway for
nutrients, includes three key enzymes: citrate synthase
(CS), ITD and ketoglutarate dehydrogenase alpha
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(KLDA) [33]. CS (A0A059AKY9, A0A059B6K2,
A0A059BEH3, A0A059D8E5) was found only in the E.
urophylla × E. grandis roots, but it was changed less
than 1.5-fold with intercropping vs monoculture. ATP-
citrate synthase alpha chain protein 1 (A0A059D8E5)
was increased in intercropped E. urophylla × E. grandis,
which facilitates the N transfer from D. odorifera to
Eucalyptus to promote chlorophyll synthesis. NADP-
dependent malic enzymes catalyze the oxidative decarb-
oxylation of malic acid pyruvate, participate in the
glycolytic pathway and TCA cycle [54] and were upregu-
lated in intercropped E. urophylla × E. grandis
(Additional file 1: A0A059CL16, Table S1-No. 80;
A0A059CS67, Table S1-No. 72), resulting in changes in
N metabolism through a coordinate regulation of the C
and N metabolic pathways [55]. This phenomenon was
largely due to the increase in N content by the N trans-
fer from D. odorifera to E. urophylla × E. grandis.
In the TCA cycle, the key enzyme that converts citrate

into isocitrate is aconitate hydratase, and in the glyco-
lytic and gluconeogenesis pathways, enolase is the key
enzyme responsible for catalyzing the reversible dehy-
dration of 2-phospho-D-glycerate into phosphoenolpyr-
uvate [33]; however, there were no significant differences
in these two enzymes in either species between the
intercropping and monoculture treatments. However, ri-
bosomes are varied structurally distinct proteins and
play a significant role in translational regulation and N
metabolism [56], which was upregulated in intercropped
D. odorifera (TRINITY_DN31489, Table 2) but down-
regulated in intercropped Eucalyptus (A0A059BJR3,
Table 2) by iTRAQ and by PRM. This result is consist-
ent with the findings for the KDGG pathways, i.e., the
stronger metabolic function in intercropping D. odori-
fera prompted N transfer to Eucalyptus.

Conclusion
The present results encourage us to recommend E. uro-
phylla × E. grandis/D. odorifera plantations. N transfer
occurred from D. odorifera to E. urophylla × E. grandis
and established a beneficial cycle between nutrient
provision and E. urophylla × E. grandis growth to pro-
vide biomass, but N uptake was not changed by the
rhizosphere effects in D. odorifera. Rhizosphere effects
promoted N assimilation and N transfer by enhancing
the levels of some protein species, such as ATP synthase,
GS and GDH. Notably, E. urophylla × E. grandis was
beneficial in the process of N transfer, and there were
more differentially expressed proteins involved in the
synthesis pathways than in metabolism pathways, but
the opposite result was observed for D. odorifera. The
two groups of N compound transporters were found in
E. urophylla × E. grandis to improve N assimilation and
synthesis; i.e., the molecular mechanism of the N

transfer from D. odorifera to E. urophylla × E. grandis
was explained by proteomics in our study. However,
studies on the possible benefits of N transfer in this sys-
tem should be provided to evaluate the long-term influ-
ence on productivity. Therefore, more trials focused on
these environmental conditions, analytical methods and
field experimentation assessments are needed to verify
these findings and recommendations.

Methods
Experimental site and design
Experiment 1
The experiments were carried out in the greenhouse at
Guangxi University, China (108°17′30.3″E, 22°51′4.79″
N) on May 18, 2017, with air temperatures ranging from
21 °C to 28 °C. One D. odorifera plant was intercropped
with one E. urophylla × E. grandis plant in each pot (50
cm diameter and 45 cm depth), and D. odorifera and E.
urophylla × E. grandis monocultures represented the
controls in our trial, i.e., two D. odorifera or two E. uro-
phylla × E. grandis were planted in each pot. All the
plant materials are very common in south China, and we
complied with institutional, national or international
guidelines in our study. The plant materials were ob-
tained with permission from the commercial nursery of
Ba Gui, Naning. The soil, previously planted with Pinus
massoniana was collected at Liang Fengjiang Experi-
mental Station, Nanning, China. The characteristics were
as follows: 1.22 g total N kg− 1, 0.57 g total P kg− 1, 11.85
g K kg− 1, and pH 4.65. The soil was dried and mixed
with perlite at a soil: perlite ratio of 25:1 to maintain
water permeability in our study.
To avoid nutrient loss, plastic leakproof trays were

placed at the bottom of the pot. The plants were watered
to maintain the soil moisture at 40–80% of the water
holding capacity during the entire growth stage. All
treatments were applied in a complete random design
with three replicates for each treatment.

Experiment 2 (15N labeling)
In this experiment, the planting conditions were exactly
the same as in experiment 1. We used PVC cylinders (80
by 120 cm) open at both ends to enclose the D. odorifera
canopy, the leaves of which were sprayed with 15N-la-
beled urea as described by Yao et al. [3]. A 0.75% (m/m)
solution of 15N-labeled urea with 10.32 atom % 15N was
used to label the surface of the D. odorifera leaves, and
thereafter, the leaves were immediately covered with
sealable polythene bags until the next day to avoid 15N
contamination of the associated E. urophylla × E.
grandis or soil. The soil surface was covered by two
layers of plastic film with a sponge above them to pre-
vent 15N contamination from runoff of the 15N-labeled
solution during foliar feeding. All 15N-labeling processes
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were strictly controlled to ensure that there was no 15N
contamination of the soil or the E. urophylla × E.
grandis leaves.

Root determination and N analysis
After 6 months, 1 g of the root tips of E. urophylla × E.
grandis and D. odorifera was collected in December
2017, and each root was washed with deionized water
and stored in liquid N (at − 80 °C) for 10 min for further
analyses. At harvest, plants from the intercropping were
separated into E. urophylla × E. grandis and D. odorifera.
The roots of the two species were separated by hand
and washed carefully to remove the soil. Root length and
surface area were scanned by an Epson root scanner and
were used to obtain image analysis by WinRHIZON Pro.
Then, the harvested material was dried at 60 °C until a
constant dry weight was obtained. The dried root mater-
ial was ground in a ball mill and passed through a 0.2-
mm screen, and the total N content was determined by
using a continuous flow chemical analyzer (AA3, SEAL
Analytical, Norderstedt, Germany).

Protein analysis
Protein extraction and preparation
The samples from experiment 1 were taken from a −
80 °C freezer, the appropriate amount of tissue sample
was added to a liquid N-precooled mortar, and the li-
quid N sample was fully ground to a powder. The sol-
uble protein was extracted following the procedure
developed by Neilson et al. and Guo et al. [57, 58]: first,
we added four volumes of lysis buffer (10 mM dithio-
threitol (DTT), 1% Protease Inhibitor Cocktail and 2
mM EDTA) to 400 mg of lyophilized root powder, and
then vortex centrifugation was performed at 20,000 g
and 4 °C for 10 min. Finally, the protein was precipitated
with cold 20% TCA at 4 °C for 2 h, and the supernatant
was discarded after centrifugation at 12,000 g and 4 °C
for 10 min. The remaining precipitate was washed with
cold acetone three times, and 8M urea was added to re-
dissolve the protein; then, a BCA kit was used according
to the manufacturer’s instructions to determine the pro-
tein concentration.

TMT/iTRAQ labeling
The protein solution was reduced with 5 mM dithio-
threitol at 56 °C for 30 min and alkylated with 11 mM
iodoacetamide in the dark and at room temperature
for 15 min. The protein sample was diluted by adding
100 mM TEAB to urea at a concentration of less than
2M. After this, for the first digestion, trypsin was
added at a 1:50 trypsin-to-protein mass ratio over-
night, and a second digestion was performed at a 1:
100 mass ratio of trypsin-to-protein for 4 h. The pep-
tides were desalted and vacuum-dried after trypsin

digestion. Finally, we reconstituted the sample in 0.5
M TEAB according to the manufacturer’s protocol
and processed with the TMT kit/iTRAQ kit [59, 60].

LC-MS/MS analysis
The tryptic peptides were dissolved in 0.1% formic acid
(solvent A) and separated by the EASY-NLC 1000 UPLL
system. Liquid A was an aqueous solution containing
0.1% formic acid and 2% acetonitrile. The liquid gradient
settings were as follows: 6–24% solvent B for 0–26 min;
24–33% for 26–34min; 33–75% for 34–37 min; 75% for
37–40min; the flow rate was maintained at a constant
flow rate of 700 NL/min.
The peptides were subjected to an NSI source followed

by tandem mass spectrometry (MS/MS) in a Q Exactive™
Plus (Thermo) coupled to the ultra-performance liquid
chromatograph. The electrospray voltage was 2.1 kV.
The intact peptides were detected in the Orbitrap at a
resolution of 70,000, and the m/z full scan range was
from 350 to 1800. Peptides were selected for MS/MS
using an NCE setting of 28, and the fragments were de-
tected in the Orbitrap at a resolution of 17,500. A data-
dependent (DDA) was used to collect data, and the
mother ions of the first 20 peptide segments with the
highest signal intensity were selected to enter the HCD
collision cell in turn for fragmentation with 28% frag-
mentation energy after the first-stage scanning and
second-stage mass spectrometry. The 5E4 was set for
automatic gain control (AGC), and the signal threshold
and maximum injection time were set to 20,000 ions/s
and 100 ms, respectively. The fixed first mass was set as
100 m/z [59, 60].

Bioinformatics analysis
The proteins were considered differentially expressed
when the protein had both a log2-fold change of
more than 1.50 or less than 0.67 and a p-value of less
than 0.05 between intercropping and monoculture.
Then, the gene ontology (GO) was created by search-
ing the UniProt-GOA database (http://www.ebi.ac.uk/
GOA/) [61]. Proteins were classified by GO annota-
tion, and a two-tailed Fisher’s exact test was
employed to test the enrichment of the differentially
expressed protein against all identified proteins; the
result was considered significant when the corrected
p-value was less than 0.05 [61]. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) online
service tool KAAS was used to annotate the proteins
with KEGG database descriptions and to map the an-
notation results on the KEGG pathway database. A
KEGG pathway with a p-value < 0.05 was considered
significantly enriched [61].
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PRM analysis
As described for the TMT analysis, the proteins of the
root samples were extracted, reduced and digested with
trypsin by using the EASY-nLC 1000 UPLC system.
However, the electrospray voltage was 2.0 kV, and the
full scan range was from 350 to 1100 m/z, which was dif-
ferent from the TMT analysis. In addition, the Orbitrap
scanning resolution was set to 17,500. The 3E6 was set
for AGC, and the maximum IT was set to 50ms. The
AGC of secondary mass spectrometry was set for 1E5,
the maximum IT was set to 120 ms and the isolation
window was set as 1.6 m/z [62, 63].

Isotopic analyses: N transfer calculation and N derived
from the transfer
All the materials (including roots, stem and leaves) from ex-
periment 2 were dried at 65 °C and sifted using a 0.1mm
sieve to determine the 15N concentration using a mass
spectrometer (SN09072D, Homotopic, Thermo Fisher Sci-
entific, Germany). The value of plant 15N atom % excess
was calculated using the following equation [64, 65].
The 15N content of receiver and donor leaf, stem and

root were calculated as follows:

Excess15Ncontentcompartment ¼
Aom%15N excess−Aom%15N excessunlabelled

� �
� Total N

100

ð1Þ

The total excess 15N content of the whole plant was
calculated by summing the excess 15N content in roots,
stems and leaves.
The proportion of the total N in the receiver derived

from the donor was calculated using the following
equation

%NT ¼ Excess15N contentreceiver
Excess15N contentreceiver þ Excess15N contentdonor

� 100

ð2Þ

where %NT is the percentage of total N transferred from
donor to receiver.
The amount of N (mg plant− 1) transferred from the

donor was calculated as follows:

Ntransfer ¼ %NT� total Ndonor

100
ð3Þ

where N transfer is the unidirectional net transfer from D.
odorifera to E. urophylla × E. grandis.

Statistical analysis
MS Excel and SPSS software were used for the data ana-
lyses. The statistical significance of differences between
treatments was determined by analysis of variance
(ANOVA) and least significant difference (LSD) multiple

comparisons. The figures were created from the “gplots”
R-package and SigmaPlot 13.0.
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