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Abstract
Background: The mixing of Eucalyptus with N2-�xing trees is a frequently successful and sustainable
cropping practice. In this study, we evaluated nitrogen transfer and conducted a proteomic analysis on
seedlings of Eucalyptus and a N2-�xing tree, Dalbergia (D.) odorifera, from intercropping and
monocropping systems, to elucidate the physiological effecting and the molecular mechanisms on N
transfer of Eucalyptus mixed with D. odorifera.

Results: We demonstrated the following: (1) Nitrogen transfer occurred from D. odorifera to E. urophylla ×
E. grandis by 14.6 %. Interspeci�c facilitation of N uptake and root growth in E. urophylla × E. grandis was
increased in the intercropping system, but the root growth and N absorption of D. odorifera were inhibited.
(2) Among differentially expressed proteins was greater than 1.5 times, E. urophylla × E. grandis were
found to be up-regulated several proteins for the nitrogen assimilation and enhancing the nitrogen
competition, such as the proteins related to tricarboxylic acid/organic transformation, nitrogen
metabolism and nitrogen assimilation; it also up-regulated the expression of stress resistant protein for
its adaptability. However, the assimilation and metabolism of nitrogen was promoted in D. odorifera
through the up-regulation of amino acid metabolism related proteins, and increased the key enzyme
abundance of glycolysis pathway in D. odorifera. (3) Importantly, E. urophylla × E. grandis was the
bene�ciary in the process of N transfer, there were more different proteins involved in the synthesis
pathway than that of the metabolic pathway, but there were more functional proteins involved in
metabolic degradation in D. odorifera. Additionaly, the two groups of nitrogen compound transporter were
found in E. urophylla × E. grandis, i.e. the molecular mechanism of the N transfer from D. odorifera to E.
urophylla × E. grandis was explained by proteomics.

Conclusions: Our study suggests that N transfer occurred from D. odorifera to E. urophylla × E. grandis
and it was affected by the variations in the differentially expressed protein. We anticipate the result can
be veri�ed in �eld experiments for the sustainable development of Eucalyptus plantations.

Background
According to the Millennium Ecosystem Assessment, forest plantations represent only 5% of the total
forest area, but they ful�ll more than one-third of the global demand for wood products, an amount
anticipated to increase sharply in the next decades [1]. Eucalyptus is widely planted in the tropics and
subtropics and is one of the most important fast-growing trees for the pulp and paper as well as the
biore�nery industries [2], not only in subtropical China but also throughout the world. This tree covers
4.6 million hectares in China [3]. While Eucalyptus is considered to have high commercial value, its
drawbacks include high nutrient exportation and depletion of N and P stocks with successive rotations,
further, decrease productivity [4]. It is precisely that N availability is often a factor limiting eucalypt growth
[5], additional N input 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 and only approximately 30% [6]. High levels of N exported during harvesting every 6–7 years
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have led to concerns about their economic sustainability, and current silvicultural practices lead to higher
N outputs than the N inputs in most commercial plantations [7], which can be expensive and potentially
contribute to water eutrophication or other types of pollution [8–9]. Ecological mechanisms that occur in
natural ecosystems to sustain productivity should be utilized [10], and the slight reduction in productivity
could be worth the reduced fertilizer costs if the di�culties in implementing mixed-species plantations are
overcome by forest managers [1, 9].

Introducing legume trees into Eucalyptus plantations might be an attractive option for sustaining high
yields [11], combining ecological processes of facilitation between N2-�xing tree species (NFT) and non-
N2-�xing tree species (non-NFT) with large N inputs resulting from biological �xation of atmospheric N2

[8, 9], and this strategy may be a promising way to balance the soil N budget and improve soil N
availability through N2 �xation and N recycling [12]. Various experiments have shown that mixed-species
plantations of eucalypts with NFT have the potential to increase stand productivity when compared to
eucalypt monoculture [1, 13–14]. The positive interactions may help enhance stand productivity in mixed-
species plantations with NFT [1, 3, 15], and complementarity, which results in differences in resource
requirements between the species in the mixture when interspeci�c competition is lower than intraspeci�c
competition, leads to improved use of the available resources at the stand level [16]. N �xation by NFS is
supposed to improve soil N availability, alleviating N limitation and facilitating the growth of the target
species in N-limited soils [9, 17]. The mixing of Eucalyptus and N2-�xing species changes the N utilization
mechanism mainly through N transfer, and N derived from the atmosphere can become rapidly available
to non-NFT through root exudation or by direct transfer through common mycorrhizal networks [18].
Eucalyptus was the dominant species, absorbing large amounts of N and reducing soil N content, i.e., soil
N availability was lower and the N �xation e�ciency of legumes was higher in intercropping systems
than in monocultures and resulting from less N application [3, 11, 19]. However, other studies have shown
no impact, or a depressive effect, of mixtures on eucalypt growth [20], i.e., mixed-species stands are
sometimes less productive than target species in monoculture [4]. Even when mixed-species plantations
that include an NFT component do not increase total biomass production, they are likely to provide other
bene�ts, such as increased organic matter storage and mineral N availability in the upper soil layers,
reduced risk of pest damage, and an increased range of products [21]. All these data are key points for
understanding the conditions that are required so that mixed-species plantations will perform out
eucalypt monocultures in terms of wood production.

Most studies have described that the N transfer acted on the patterns of tree growth, plant biomass,
nutrient content, biological N �xation and soil physical-chemical properties in monoculture and
intercropped plantations of Eucalyptus and N2-�xing tree species [1, 3, 11]. While these studies illustrate
the advantage of mixed forest systems, they also raise many questions regarding the molecular
mechanisms of root interactions. Nevertheless, studies on the molecular mechanisms of root interactions
in the mixed system of Eucalyptus and N2-�xing species are lacking, and a change in plant root molecular
structure is crucial for the sustainable growth of plant physiological metabolism in the forestry system
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and indirectly affects plant biological yield. Therefore, elucidating the molecular mechanisms of root
development and function is important for improving plant productivity [22].

Over the past decade, management has been shown to affect subsoil root activity, and proteomics is the
main tool to solve biological or abiotic, physiological and biochemical problems for plants [23]. However,
most studies have reported the root morphological responses to a heterogeneous nutrient supply and to
�ooding [24] or responses to environmental stresses [25–26], such as iron su�ciency/de�ciency
conditions [27] and N nutrition stress [28], drought stress [29] and temperature variations [30] etc., are the
major factor affecting physiological metabolism of the root system. Proteomic strategies have become
powerful tools that [31], when combined with complementary molecular genetic and physiological
analyses, can provide a framework for understanding the molecular basis of complex biological
processes [32]. Interestingly, a few studies of the roots molecular mechanisms have reported in
intercropping systems, such as the maize/peanuts [33] and bean (Vicia faba)/maize [34] intercropping
systems. In particular, proteomic studies on the root interactions in the NFT and Eucalyptus mixed
plantation are lacking, as it is di�cult to address ecological problems in a mixed system of woody plants.
Thus, we hypothesized that the yield of the mixed Eucalyptus and NFT was also affected by the
differentially expressed proteins.

E. urophylla × E. grandis and an NFT, Dalbergia odorifera, grown in an intercropping vs. monoculture
system were used in our study. The differences between intercropping and monoculture treatments of the
two species were found to result from rhizosphere effects. For elucidation of the molecular basis of the E.
urophylla × E. grandis and D. odorifera intercropping system, the two species were planted in the same
soil conditions. 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 absorption and N
transfer in the intercropping system; (2) to identify the correlation between different functional protein
groups and physiological metabolism of the two species in the intercropping system; (3) to analyze the
effect of N transfer on the expression of proteins involved in synthetic and metabolic pathways.

Results

Root morphology, N uptake and N transfer
We investigated the relationship between N uptake and the growth and development of E. urophylla × E.
grandis and D. odorifera roots. The total length, surface area, biomass and N content of the root samples
were also measured. The results showed that monoculture was the most important limiting factor of E.
urophylla × E. grandis. The root length, surface area, dry matter accumulation and N uptake signi�cantly
improved by 25.93%, 18.22%, 45.09% and 75.19%, respectively, due to the rhizosphere effects.
Nevertheless, these parameters decreased by 11.12%, 11.42%, 26.43% and 28.48% in D. odorifera,
respectively. Thus, the aboveground and belowground ratio of the intercropping E. urophylla × E. grandis
was less than that of the monoculture, but D. odorifera showed the opposite results. In other words, the
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aboveground and belowground ratio was changed because of the low N content of the two species
(inverse ratio). This �nding indicated that rhizosphere effects improved the growth and development of E.
urophylla × E. grandis roots in our intercropping system but limited the development of D. odorifera roots
(Fig. 1).

The 15N atom% was measured in E. urophylla × E. grandis and D. odorifera (Fig. 2A), i.e. N transfer
occurred from D. odorifera to E. urophylla × E. grandis. The percentage of N transfer (% NT) was 14.61%,
which was equal to 150.62 mg N transfer from D. odorifera to E. urophylla × E. grandis (Fig. 2C and D).

Proteomic analysis revealed differentially expressed
proteins
The RSD of the two species was approximately 0.05, which shows that our trial replication was effective
(Fig. 3). In this study, a protein was considered differentially expressed when the protein had both a log2-
fold change of more than 1.5 and a p-value of less than 0.05. Based on the two criteria, 285 groups
differentially expressed proteins (mon/inter) were detected in E. urophylla × E. grandis roots, 154 groups
(54.04%) of which displayed increased abundance and 131 groups (45.96%) of which displayed
decreased abundance. In D. odorifera roots, we identi�ed 67 groups (29.39%) up-regulated and 221
groups (70.61%) down-regulated proteins (Table 1). These results showed that the intercropping and
monoculture systems had different proteomic pro�les (see Table S1 and Table S2).

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
Identi�ed
proteins

Quanti�able
proteins

Compare
group

Regulated
type

Fold
change > 
1.5

E. urophylla × 
E. grandis

254765 5246 4414 Mo-E/In-
E

up-
regulated

154

down-
regulated

131

D. odorifera 224342 5005 4136 Mo-D/In-
D

up-
regulated

67

down-
regulated

221

Functional enrichment of the differentially quanti�ed
proteins
The 1.5-fold differential proteins were related to biosynthesis, stress and defense responses,
carbohydrate and energy metabolism, nucleic acid metabolism, protein metabolism cell transport,
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biological regulation and signal transduction, cell wall and cytoskeleton metabolism, jasmonic acid (JA)
biosynthesis and others (Fig. 4).

After the proteins were assigned to different categories, and then the quantities were calculated via the -
log10 (p-value) method (Fig. 5). For monocropping vs. intercropping of E. urophylla × E. grandis, the
difference in protein content varied from 1.51 for glutamate-ammonia ligase activity to 10.79 for
response to biotic stimulus. Nevertheless, for D. odorifera, the difference in protein content varied from
1.33 for envelope to 3.87 for protein domain-speci�c binding. These results indicated that the number of
stress proteins increased in the E. urophylla × E. grandis monoculture treatment ,. In addition, the number
of responses to stress or stimulus proteins for E. urophylla × E. grandis was greater than that for D.
odorifera.

KEGG pathway analysis of the differentially quanti�ed
proteins
KEGG database information was used to analyze the biological pathways linked to the differentially
expressed proteins in the two species. Four pathways were identi�ed for E. urophylla × E. grandis, 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 biosynthesis (2
groups of proteins). However, six pathways were identi�ed for D. odorifera: Spliceosome (10 groups of
proteins), Flavonoid biosynthesis (4 groups of proteins), Glycosphingolipid 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). Our results indicated that the main function of E. urophylla × E. grandis was synthesis and that
of D. odorifera was metabolism (Fig. 6).

The quantities were calculated via the -log10 (p-value) method, similar to the functional enrichment. For
monocropping vs. intercropping of E. urophylla × E. grandis, the protein abundance of sucrose
metabolism, metabolism, ribosome, triterpenoid biosynthesis, B6 metabolism, and aspartate and
glutamate metabolism was signi�cantly increased. Nevertheless, D. odorifera showed different results, as
acid degradation, mediated proteolysis, processing in the endoplasmic reticulum, polymerase,
biosynthesis-globo and isoglobo series, spliceosome, and secondary metabolism pathways were
signi�cantly enriched (Fig. 7).

LC-MS/MS analysis of genes for some differentially
expressed proteins
To evaluate the correlation between different protein levels, 8 histones were validated by LC-MS/MS
analysis (E. urophylla × E. grandis: A0A059AL91, A0A059BJR3, A0A059BMH2, and A0A059DEJ5; D.
odorifera: TRINITY_DN34877, TRINITY_DN31489, TRINITY_DN39873 and TRINITY_



Page 7/30

DN49158) (Fig. 8). For the two different tree species, the gene expression levels of the four groups were
well matched. The ratio of the root down-regulated protein groups was decreased, as shown by LC-
MS/MS analysis, but was increased in the up-regulated protein groups. The difference between gene
expression level and protein abundance may be caused by post-translational modi�cations (PTMs).

Discussion

N transfer occurred in the E. urophylla × E. grandis/ D.
odorifera intercropping system
Effective utilization of nutrients is one of the two major advantages in legume/non-legume intercropping
systems [35]. This process mainly depends on the ability of the root to acquire external resources for
plant survival in different environments and adapt to external disturbances [36], which increases the
abundance of N metabolic proteins, such as glutamate dehydrogenase (GDH) and glutamine synthetase
nodule isozyme (GS), by the rhizosphere effect [34]. In this study, our results showed that interspeci�c
rhizosphere effects signi�cantly improved N uptake and promoted the development of E. urophylla × E.
grandis roots. This �nding was consistent with previous studies, indicating that planting NFT might be an
attractive option for maintaining the N fertility of soils with Eucalyptus [4, 37]. Nevertheless, the effect on
D. odorifera in the intercropping systems was limited, possibly because the root exudates of E. urophylla 
× E. grandis had an allelopathic effect on D. odorifera. In addition, it may also be caused by N transfer,
which was consistent with previous studies [3, 15]. In our study, N transfer occurred from D. odorifera to E.
urophylla × E. grandis by 14.61%, which was equal to enhancement 150.62 mg N to E. urophylla × E.
grandis (Fig. 2). The transfer N was the key N resource for E. urophylla × E. grandis and increased the
biomass by 45.09%, i.e., increased N content signi�cantly improved seedling physiological performance
by increasing plant growth and nutrient storage reserves for subsequent root growth [38].

Different stress responses between the two varieties
Comparative proteomics are frequently used to investigate stress-responsive mechanisms in plants [39].
Intercropping may be more effective at decreasing diseases and enhancing disease suppression than
monocropping [35, 40]. Our proteomic study indicated that most stress- and defense-related proteins
increased in E. urophylla × E. grandis roots in the monocropping system to response oxidative stress, with
signi�cant differences in the abundance of proteins related to a series of biological functional processes,
including response to biotic stimulus, defense response, response to stress, response to stimulus, etc.
(Fig. 5), which was consistent with previous study, i.e., introduction NFT increased the anti-pressure ability
of Eucalyptus [14]. The root character and the molecular structure were altered due to the different
microbial community composition in Eucalyptus/NFT plantations [41]. In our study, the ecological
advantage of E. urophylla × E. grandis was increased by mixture, and biological resistance was altered by
regulating the ratio of oxidase and pathogenic proteins, which affected the defense proteins or
pathological proteins. The E. urophylla × E. grandis abundance of the major allergen, peroxidase and
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peroxiredoxin proteins was signi�cantly increased in the intercropping system. The peroxidase 15-like (id:
TRINITY_DN22413) of D. odorifera was up-regulated, but peroxidase 4-like (id: TRINITY_DN34591) and
nodulin-13-like isoform X1 (id: TRINITY_DN40711) were down-regulated in the intercropping system
(Table S2). Peroxidase up-regulated by rhizosphere effects 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 hormone system to rebalance and regulate the formation
of adventitious roots and lateral roots to adapt to environmental stresses [42]. Peroxidases such as major
allergen, peroxidase, peroxidoredoxins and chloroplastic peroxiredoxin Q were highly abundant in
intercropping E. urophylla × E. grandis, indicating that the stress response of plants to external stress was
improved by the intercropping system. However, peroxidase 4-like (TRINITY_DN34591) and nodulin-13-
like isoform X1 (TRINITY_DN40711) were down-regulated in intercropping D. odorifera, which may also
indicate restricting effects on D. odorifera in the intercropping system. Additionaly, when plants were
placed in a stressful environment, ascorbic acid was required to regulate the H2O2 content in plants to
improve their stress resistance [43]. While the nucleobase-ascorbate transporter (A0A059CYL1) of E.
urophylla × E. grandis showed a higher abundance after monocropping.

In E. urophylla × E. grandis roots, glutathione S-transferase (GST) (id: A0A059AX10) and the homolog
glutathione S-transferase U25 (A0A058ZUA9) were increased after intercropping (Table S1). GST, which
catalyzes the conjugation of glutathione to electrophilic substrates, plays a crucial role in cell
detoxi�cation and stress tolerance in plants [33], increasing the toxin removal through increased enzyme
levels [44]. High contents of gibberellins can ameliorate plant diseases, and gibberellin-related protein
expression increased in intercropping E. urophylla × E. grandis roots (A0A059A3Y5) but was down-
regulated in D. odorifera (TRINITY_DN35143) at our site. Thus, Eucalyptus can improve the adaptability
of the stress response when mixed with an NFT, but the NFT showed inhibition. In addition, thioredoxin is
involved in plant stress resistance by regulating stress tolerance, and it was up-regulated in E. urophylla × 
E. grandis roots (A0A059BPT5). Notably, the number of different stress response proteins in D. odorifera
was much lower than that in E. urophylla × E. grandis, which indicated that D. odorifera was weakly
sensitive to environmental stresses. The thaumatin-like protein abundance was increased in the two
species, suggesting that it could signi�cantly improve the antifungal activity in the intercropping system.
Alcohol dehydrogenase was up-regulated when plants were under stress and was increased in
monoculture E. urophylla × E. grandis (A0A058ZYN2). Importantly, the SOD enzyme, which eliminates the
production of harmful substances in metabolism, showed a nonsigni�cant difference of 1.5-fold in the
roots of the two plants. Nevertheless, the above evidence still showed that Eucalyptus resistance was
improved in the intercropping system, and the resistance of D. odorifera was hindered. Jasmonic acid
(JA) signaling may play an important role in the self-protective responses against opportunistic damage
[33]. Our data showed that there was a high level of JA in the intercropping D. odorifera roots, result in
increasing the D. odorifera stress resistance through rhizosphere interactions.

Overall, the increased levels of stress-responsive proteins in both species indicated that the intercropping
systems provided plants with stronger stress resistance than monoculture systems [33–34], i.e., the
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advantages of the interaction of E. urophylla × E. grandis in intercropping systems may improve the
ecological adaptation compared to monoculture.

N metabolism in the molecular structure represents a major
consequence N transfer
The abundance of N metabolized proteins changed in the two species via root interactions, with a low
protein abundance of GDH and GS in monocropped E. urophylla × E. grandis, but with a high abundance
in monocropped D. odorifera. GS and GDH are key enzymes in the N assimilation and metabolism
pathways [45], and a previous study showed that GS and GDH in transgenic plants improved plant
growth and productivity [33]. Our result as well showed that rhizosphere effects promoted N assimilation
in E. urophylla × E. grandis roots and productivity but restricted D. odorifera. The amino acid metabolic
proteins were found at higher levels in monocropped E. urophylla × E. grandis roots. Peptide-N4-(N-acetyl-
beta-glucosaminyl) asparagine amidase A (A0A059A9F1) and aspartyl protease AED3 isoform X2
(A0A059AD87) (Table S1) showed higher accumulation in E. urophylla × E. grandis roots in
monocropping treatment than that in the intercropping treatment, and the two proteins play a leading role
in organelle activity, especially during plant senescence and programmed cell death (PCD) [46–47].
Meanwhile, these proteins also participate in abiotic stress responses [48]. Aminotransferase promotes
the decomposition of amino acids and the synthesis of new amino acids through the activity of amino
acids, which mediates the level of N metabolism. Our study found higher levels of these proteins in the
intercropping system of the two species, i.e., alanine-glyoxylate aminotransferase (A0A059A1E9) and
alanine aminotransferase (A0A059AS13) (Table S1) of E. urophylla × E. grandis and acetylornithine
aminotransferase (TRINITY_DN44984) (Table S2), putative branched-chain-amino-acid aminotransferase
7 isoform X1 (TRINITY_DN45090), and tryptophan aminotransferase-related protein 4-like
(TRINITY_DN39873) of D. odorifera were up-regulated.

In addition, proteins related to N compound transport, which promote the synthesis and transport of N in
plants, were only found at a higher abundance in intercropping of E. urophylla × E. grandis but were not
found in D. odorifera roots. We believe that the higher abundance proteins of N transport is bene�cial to
the synthesis and absorption of N for E. urophylla × E. grandis. Most importantly, through the analysis of
KEGG pathway, the larger proteins of synthesized functional were found than the metabolic proteome in
E. urophylla × E. grandis, while the opposite result was found in D. odorifera, which may be a key signal
for the N transfer from D. odorifera to E. urophylla × E. grandis. These data showed that in addition to
increased Eucalyptus N assimilation through the intercropping system, as well as N transfer were
occurred from the N2-�xing tree to Eucalyptus, as shown in previous studies [3, 15].

Proteins involved in protein metabolism cause by N transfer
Plants adapt to environmental stress by regulating protein metabolism, such as the synthesis of stress-
related proteins and cold-shock proteins [49]. There were 40 groups of proteins involved in intercropping
E. urophylla × E. grandis roots. We identi�ed 31 (77.5%) down-regulated and 9 (22.5%) up-regulated
proteins, whereas 9 groups of down-regulated and 41 groups of up-regulated proteins were detected in D.
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odorifera roots. Ribosomes, the organelles that catalyze protein synthesis, consist of a small and a large
subunit, and these subunits are composed of several RNA species and various structurally distinct
proteins, which play a signi�cant role in DNA repair, apoptosis, transcriptional regulation and translational
regulation [50]. Many of these proteins showed increased levels in monoculture E. urophylla × E. grandis
roots but decreased levels D. odorifera. Moreover, casein kinase 1-like II regulatory subunit is involved in
translation, and eukaryotic translation initiation factor isoform X1 is involved in the initiation phase of
eukaryotic translation; both of these proteins were increased in the monoculture E. urophylla × E. grandis
roots but down-regulated in the monoculture D. odorifera. In our investigation, we believe that the
Eucalyptus and N2-�xing species showed an opposite trend in terms of protein metabolic function, which
may also be consistent with our hypothesis that the two species show a decreasing trend. The results are
highly consistent with previous results, i.e. the physiological metabolism of Eucalyptus was promoted but
restricted the growth of N2-�xing species (see Fig. 1) since N transfer was from N2-�xing species to
Eucalyptus [3, 15]. Glycine-rich RNA-binding protein (TRINITY_DN41532) was found in intercropping D.
odorifera with a higher level than in monoculture,which can respond various plant stresses [51]. The 70-
kD heat shock (hsp70) proteins are encoded by a highly conserved multigene family whose proteins
function in all major subcellular compartments of the cell, and numerous studies have elucidated the
hsp70 chaperone functions under stress conditions and in protein metabolism [52]. These proteins were
up-regulated in monoculture E. urophylla × E. grandis roots, but all of these proteins were down-regulated
in D. odorifera roots. Bedon et al. (2011) concluded that the protein abundance expression of Eucalyptus
can be down-regulated under stress [53].

N transfer altered proteins involved in the cell wall and
cytoskeleton metabolism of both species
The cell wall is an important structure that determines cell shape and acts as a critical barrier against
pathogens [54]. For example, expansive proteins are a group of cellular structural proteins that relax the
noncovalent interaction between components of the plant cell wall and play a defensive role [55]. These
proteins were expressed at higher levels in intercropping E. urophylla × E. grandis roots than in the
monoculture system, but the opposite results were observed in D. odorifera. Growing plant cell walls
typically extend faster at low pH, and expansive protein activity increases in drought regions [54].
Eucalyptus planting can result in soil acidi�cation [56], as Eucalyptus consumes large quantities of water,
thus increasing the abundance of the expansive proteins to promote defense adaptation. The plant
cytoskeleton is a highly dynamic network of proteinaceous components consisting mainly of
microtubules and micro�laments, which are involved in coordinating cell structure and signaling [57], and
these components were up-regulated in D. odorifera roots. Sucrose synthase (SuSy) was found in D.
odorifera roots (TRINITY_DN40013) and was down-regulated in the intercropping system; this protein is
related to cellulose synthesis and increased thickness of cell walls. Gordon et al. (1999) suggested that
sucrose metabolism regulates and controls SuSy expression in N2-�xing trees to alter N �xation e�ciency
[58]. Some studies have also shown an improvement in the N �xation e�ciency of N2-�xing species
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mixed with Eucalyptus relying on N transfer [3, 59]. Therefore, N transfer may directly alter proteins
involved in cell wall and cytoskeletal metabolism at our site.

The glycolytic pathway and the TCA cycle was different of
both species
The glycolytic pathway degrades sugars to pyruvate. The mitochondrial pyruvate carrier was less
abundant in the intercropping of both varieties, which decreased the pyruvate carrier protein on the
mitochondrial intima. Pyruvate kinase, the rate-limiting enzyme for transferring the high-energy
phosphate from phosphoenol pyruvate to ADP and producing ATP, was found in the D. odorifera roots,
and it was more abundant in intercropping compared to monocropping, possibly due to the Fe de�ciency
in intercropped D. odorifera. The TCA cycle, the key process of the energy cycle and ultimate metabolic
pathway for nutrients, includes three key enzymes for citrate synthase (CS): isocitrate dehydrogenase
(ITD) and ketoglutarate dehydrogenase alpha (KLDA). CS (A0A059AKY9, A0A059B6K2, A0A059BEH3,
A0A059D8E5) was only found in the E. urophylla × E. grandis roots. ATP-citrate synthase alpha chain
protein 3 (ACLA-3) (A0A059BEH3) abundance was down-regulated in the intercropping system. ACLA-1
(A0A059D8E5) was increased in the intercropping treatment, which reduced the synthetic accumulation
of chlorophyll and carotene in plants to retard plant dwar�ng and senescence. It is largely due to the
increase N content by N transfer from aodorifera to E. urophylla × E. grandis. NADP-dependent malic
enzymes catalyze the oxidation decarboxylation of malic acid pyruvate, participate in the glycolytic
pathway and TCA cycle, and play a defensive role in plants [60]. Our study found the NADP-dependent
malic enzyme isoform X1 (A0A059BVK1) in the E. urophylla × E. grandis roots and was higher in
intercropping than that in monoculture. Nevertheless, aconitate hydratase is the key enzyme responsible
for the conversion of citrate into isocitrate in the TCA cycle, and enolase is the enzyme responsible for
catalyzing the reversible dehydration of 2-phospho-D-glycerate into phosphoenolpyruvate as part of the
glycolytic and gluconeogenesis pathways [33], but there were no signi�cant difference in these two
enzymes of both varieties between the intercropping and monocropping treatments.

Conclusion
The results encourage us to recommend E. urophylla × E. grandis/D. aodorifera plantations. N transfer
occurred from D. aodorifera to E. urophylla × E. grandis and established a virtuous cycle between nutrient
provision and E. urophylla × E. grandis growth to provide higher yields. Rhizosphere effects promoted N
assimilation and N transfer through enhancing the levels of some protein species, such as ATP synthase,
GS and GDH. Meanwhile, it can also increase the stress tolerance of E. urophylla × E. grandis, i.e. the
advantages of this intercropping system may improve the ecological adaptation of plants to
environmental stress. N uptake was not changed by the rhizosphere effects in D. odorifera, perhaps
because of its own N �xation. Notably, E. urophylla × E. grandis was the bene�ciary in the process of N
transfer, there were more different proteins involved in the synthesis pathway than that of the metabolic
pathway, but the opposite result for D. odorifera; The two groups of N compound transporter were found
in E. urophylla × E. grandis, i.e. the molecular mechanism of the N transfer from D. odorifera to E.
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urophylla × E. grandis was explained by proteomics at our site. However, studies on the possible bene�ts
of N transfer in this system should be provided to evaluate the long-term in�uence on productivity.
Therefore, more trials focused in these environmental conditions, analytical methods and �eld
experimentation assessments are needed to verify these �ndings and recommendations.

Methods

Experimental site and design
The experiments were carried out in the greenhouse at Guangxi University, Guangxi, China
(108°17′30.3″E,22°51′4.79″N) on the May 18th, 2017, with air temperatures ranging from 21℃ to 28℃.
The soil, previously planted with Pinus massoniana was collected at Liang Fengjiang Experimental
Station, Nanning, China. The following characteristics were 1.22 g total N kg− 1, 0.57 g total P kg− 1,
11.85 g K kg− 1, and pH 4.65.

Experiment 1
One D. odorifera plant was intercropped with one E. urophylla × E. grandis plant in each pot (50 cm
diameter and 45 cm depth). All the plant materials are very common in south China and the same as Yao
et al. [3], which were obtained from the commercial nursery of Ba Gui, Naning. To avoid the nutrient lost,
and plastic leakproof trays were placed at the bottom of the pot. Plants were watered to keep the soil
moisture at 40–80% of the water holding capacity during the entire growth stage. All treatments were in a
complete random design with three replicates for each treatment. After six months, one gram of the root
tips of E. urophylla × E. grandis and D. odorifera was taken in December 2017, and each root was washed
with deionized water and stored in liquid N (at -80 °C) for 10 minutes 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 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
material was ground in a ball mill and passed through a 0.2-mm screen, and the total N content was
determined by a continuous �ow chemical analyzer (AA3).

Experiment 2 (15N labeling)
In this experiment, the plant growth conditions, 15N labeling and isotopic analyses were the same as
those used by Yao et al. [3]. The value of plant 15N atom % excess was calculated by the following
equation [61–62].

The 15N content of receiver and donor leaf, stem and root were calculated
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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

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:

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

Protein extraction and preparation
The samples were taken from a -80 °C freezer, the appropriate amount of tissue sample was added to a
liquid N-precooled mortar, and the liquid N sample was ground fully to powdered. Soluble protein was
extracted by adding four volumes of lysis buffer (10 mM dithiothreitol (DTT), 1% Protease Inhibitor
Cocktail and 2 mM EDTA) to 400 mg lyophilized leaf powder followed by vortexing at 4 °C and
centrifugation at 5,500 g for 10 min. Finally, the supernatant was collected and added to 0.1 M
ammonium acetate/methanol in a 5-fold volume to precipitate overnight. The remaining precipitate was
washed with cold acetone three times, the protein was redissolved in 8 M urea, and the protein
concentration was determined with a BCA kit [63].

TMT/iTRAQ Labeling
For digestion, the protein solution was reduced with 5 mM dithiothreitol for 30 min at 56 °C and alkylated
with 11 mM iodoacetamide for 15 min at room temperature in the dark. The protein sample was then
diluted by adding 100 mM TEAB to urea at a concentration of less than 2 M. Finally, trypsin was added at
a 1:50 trypsin-to-protein mass ratio for the �rst digestion overnight and a 1:100 trypsin-to-protein mass
ratio for a second 4 h digestion. The peptides were desalted and vacuum-dried after trypsin digestion.
Then, the sample was reconstituted in 0.5 M TEAB and processed with the TMT kit/iTRAQ kit [64].

Bioinformatic Analysis
Gene Ontology (GO) is a major bioinformatics initiative to unify the representation of gene and gene
product attributes across all species, which were created by searching the UniProt-GOA database
(http://www.ebi.ac.uk/GOA/) [65]. The functional descriptions of the identi�ed proteins were annotated
by InterProScan (a sequence analysis application) (http://www.ebi.ac.uk/interpro/) based on the protein
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sequence alignment method, and the InterPro domain database was used. Central to the database are
diagnostic models, known as signatures, against which protein sequences can be searched to determine
their potential function.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) connects known information on molecular
interaction networks, such as pathways and complexes (the "Pathway" database), information about
genes and proteins generated by genome projects (including the gene database) and information about
biochemical compounds and reactions (including compound and reaction databases). We used the
KEGG online service tool KAAS to annotate the protein KEGG database descriptions. Then, we mapped
the annotation results on the KEGG pathway database using the KEGG online service tool KEGG mapper.

Proteins were classi�ed by GO annotation into three categories: biological process, cellular compartment
and molecular function. For each category, a two-tailed Fisher’s exact test was employed to test the
enrichment of the differentially expressed protein against all identi�ed proteins. GO categories with a
corrected p-value < 0.05 were considered signi�cant [65].

KEGG database was used to identify enriched pathways by a two-tailed Fisher’s exact test to test the
enrichment of the differentially expressed protein against all identi�ed proteins. Pathways with a
corrected p-value < 0.05 were considered signi�cant. These pathways were classi�ed into hierarchical
categories according to the KEGG website [65].

For each category of proteins, the InterPro (a resource that provides functional analysis of protein
sequences by classifying them into families and predicting the presence of domains and important sites)
database was used, and a two-tailed Fisher’s exact test was employed to test the enrichment of the
differentially expressed protein against all identi�ed proteins. Protein domains with a p-value < 0.05 were
considered signi�cant.

PRM analysis
For digestion, the protein solution was reduced with 5 mM dithiothreitol for 30 min at 56 °C and alkylated
with 11 mM iodoacetamide for 15 min at room temperature in darkness. The protein sample was then
diluted to obtain urea concentrations less than 2M. Trypsin was added at a 1:50 trypsin-to-protein mass
ratio for the �rst digestion overnight and a 1:100 trypsin-to-protein mass ratio for a second 4 h-digestion.

The tryptic peptides were dissolved in 0.1% formic acid (solvent A) and directly loaded onto a homemade
reverse-phase analytical column, all at a constant �ow rate of 500 nL/min on an EASY-nLC 1000 UPLC
system. The peptides were subjected to an NSI source followed by tandem mass spectrometry (MS/MS)
in a Q Exactive™ Plus system (Thermo) coupled online to UPLC. The resulting MS data were processed
using Skyline (v.3.6). Peptide settings: enzyme was set as Trypsin [KR/P], Max missed cleavage set as 2.
The peptide length was set as 7–25.

Statistical analysis
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MS Excel and SPSS software were used for the data analyses. The statistical signi�cance of differences
between treatments was determined by analysis of variance (ANOVA) and the LSD (least signi�cant
difference) multiple comparisons. The �gures were created from the “gplots” R-package and SigmaPlot
13.0.
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Figure 1

Total root length (A) of E. urophylla × E. grandis and D. odorifera under different planting systems. Total
surface area (B); Biomass (C); Biomass ratio of aboveground and underground parts (D); Root nitrogen
concentration (E); Root nitrogen content (F) Note: E. u × E. g is E. urophylla × E. grandis and D. odorifera
Dal. o and D. odorifera.
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Figure 2

Atom % 15N in plant components and N transfer between D. odorifera and E. urophylla × E. grandis in an
intercropping system



Page 24/30

Figure 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, (A) and (C) represent the peptide length of E. urophylla × E.
grandis and D. odorifera
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Figure 4

Functional category distribution of the identi�ed proteins in E. urophylla × E. grandis and D. odorifera
roots
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Figure 5

GO-based enrichment analysis of all the proteins from E. urophylla × E. grandis and D. odorifera
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Figure 6

Differential proteins involved in KEGG pathways of E. urophylla × E. grandis (a) and D. odorifera (b)
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Figure 7

KEGG pathway enrichment-based clustering analysis of all the identi�ed proteins
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Figure 8

Relative expression levels of PRM from E. urophylla × E. grandis (A-D) and D. odorifera (E-H) roots.
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