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Abstract
Adventitious rooting (AR) is an obligatory step for vegetative propagation of commercial 
woody species. Paper industries have interest in Eucalyptus globulus Labill and its hybrids 
due to low lignin and lipid contents, which facilitate cellulose extraction. However, this 
species and some of its hybrids are recalcitrant to rooting, often requiring exogenous auxin 
supply. Here we performed a comparative analysis of proteome changes during AR of E. 
globulus and the easy-to-root species Eucalyptus grandis W. Hill and the effects of exog-
enous auxin in different phases of the process (induction and formation), using a label-
free quantification method. We identified 398 differentially abundant proteins, which were 
predicted to be involved in different biological pathways, mainly oxidative stress, energy 
metabolism and photosynthesis. Notable differences between species included proteins 
involved in oxidative stress, carbon and secondary metabolism. Exogenous auxin appeared 
to affect the availability of carbon sources and other phytohormones, besides cell cycle and 
microtubule—related proteins. Important players were also identified in each phase of AR. 
This is the first in depth analysis of protein changes during AR in Eucalyptus. The findings 
can be used in future studies to evaluate rooting competence in different genotypes and 
provide leads for AR improvement.
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Introduction

Eucalyptus is planted worldwide due to its fast growth, high quality of fibers and high 
adaptability to different kinds of soils. The great overall diversity and adaptability of spe-
cies of eucalypts make viable their cultivation for energy purposes even in relatively cooler 
areas, such as the UK (Leslie et al. 2019). Genetic transformation of eucalypts is also fea-
sible, expanding their potential for adaptation to harsher environments (Thanananta et al. 
2018). Eucalyptus globulus Labill is of particular interest due to the low lignin and lipid 
contents, which make cellulose extraction easier, decreasing production costs (Rencoret 
et al. 2007). However, E. globulus and its hybrids are often recalcitrant to rooting, making 
vegetative propagation difficult and causing loss of productivity (Serrano et al. 1996; Fett-
Neto et al. 2001).

Propagation of economically important woody, horticultural and ornamental plants is 
essentially performed through rooting of leafy stem cuttings (adventitious rooting) and 
establishment of clonal gardens. Adventitious rooting (AR) is a complex process known 
to be affected by several factors such as phytohormone levels, phenolic compounds, light, 
wounding, genetic traits and nutritional conditions (da Costa et  al. 2013). AR can be 
divided in two main phases: (1) induction, comprising the first molecular and biochemical 
events; and (2) formation, where the first cellular divisions occur, originating the root pri-
mordium, followed by root elongation (Fett-Neto et al. 2001).

Auxins are effective inducers of adventitious roots in different woody species (de Klerk 
et al. 1999). High concentrations of auxin are needed at the rooting zone during induction, 
but a decrease in concentration should occur during the formation phase, so roots can elon-
gate. Local concentration of auxin at the base of cuttings seems to be important for trigger-
ing AR (da Costa et al. 2013). Endogenous auxin concentration was found to be lower in 
root recalcitrant species and clones than in their prone to root counterparts (Negishi et al. 
2014; de Almeida et al. 2015).

Extensive work has been done to overcome rooting recalcitrance in Eucalyptus globulus 
and several improvements were obtained, allowing a better understanding of different fac-
tors controlling AR. When comparing E. globulus with the easy-to-root species E. saligna, 
Fett-Neto et al. (2001) found a positive effect of exposure of microcuttings to IBA (indole 
butyric acid), followed by culture in darkness. An optimized mineral nutrition can also 
improve AR, resulting in microcuttings better adapted to stresses and ex vitro conditions 
(Schwambach et al. 2005). Concerning donor plants environment and its effects on micro-
cuttings they produce, it was found that, although mother plant exposure to long dark peri-
ods was detrimental to rooting (Corrêa et al. 2005), treatment with far-red enriched light 
increased rooting in absence of exogenous auxin in cuttings (Ruedell et al. 2013). However, 
this response was not observed in the easy-to-root E. grandis. The age of donor plants is 
also very important in E. globulus, as there is a significant early decline in rooting compe-
tence in microcuttings originated from in vitro aged individuals (Aumond et al. 2017).

Despite the findings related to morphological and physiological aspects of AR, molecu-
lar mechanisms controlling this process are still poorly known in woody plants. Positive 
or negative gene regulators of AR have been reported (Ramirez-Carvajal et al. 2009; Tru-
piano et  al. 2013; Abu-Abied et  al. 2014; de Almeida et  al. 2015; Ruedell et  al. 2015), 
but little is known about the involved proteins (Liu et  al. 2013; Han et  al. 2014; Wang 
et  al. 2019). Challenges such as difficult extraction decrease data acquisition speed and 
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availability. Protein-related research in trees focuses primarily on descriptive and differen-
tial proteomics (Abril et al. 2011).

In Eucalyptus, findings included proteins related to lignification (Celedon et al. 2007), 
osmotic (Bedon et  al. 2011) and water stresses (Bedon et  al. 2012; Valdés et  al. 2013), 
heavy metal contamination (Guarino et  al. 2014), diversification (Kersting et  al. 2015), 
pathogen infection (Chen et al. 2015; Quecine et al. 2016), temperature (De Almeida Leon-
ardi et al. 2015; De Santana Costa et al. 2017), seasonality (Budzinski et al. 2016a, b), and 
carbon assimilation (Santos and Balbuena 2017). Only a few studies have addressed pro-
teome changes during AR, but none in Eucalyptus, representing an important information 
gap to be filled (Vilasboa et al. 2018).

To better understand AR in Eucalyptus, label-free qualitative and quantitative analy-
sis was carried out identifying a large number of proteins differentially regulated during 
induction and formation phases in E. globulus (treated or not with auxin) and in the easy-
to-root species E. grandis. These results may aid in identifying genotypes and protein pat-
terns important for AR improvement strategies for Eucalyptus globulus.

Materials and methods

Cutting source

Seeds from E. globulus and E. grandis were prepared and germinated as previously 
described (Fett-Neto et  al. 2001). After 3.5  months, tip microcuttings were severed and 
used for AR experiments.

AR conditions

Tip microcuttings were placed in rooting induction medium—MS salts (Murashige and 
Skoog 1962) 0.3X, 0.4  mg  l−1 thiamin, 100  mg  l−1 inositol and 30  g  l−1 sucrose, pres-
ence (auxin treatment) or absence (control) of 10 mg l−1 indolyl-3-butyric acid (IBA), pH 
adjusted to 5.8 ± 1, and 0.6% (w/v) agar (Schwambach et  al. 2005). As E. grandis is an 
easy-to-root species, these plants were submitted to control condition only. Rooting per-
centage was recorded after 20 days in formation media to confirm phenotypic differences 
between species and treatments. Plants were harvested after 1, 2 and 4 days in induction 
medium and mixed for protein extraction. For analysis during the formation phase of AR, 
plants were kept 4 days in induction medium and then transferred to formation medium 
(same medium as induction, but without auxin and containing 1 g l−1 activated charcoal). 
Plants were harvested after 1, 2 and 4 days in formation medium and mixed for protein 
extraction. The experiments were repeated three times with similar results. Six whole 
plants were used for each time-point (days of harvesting), totalizing 18 plants in induc-
tion and 18 plants in formation phase, for both control and auxin-treatment conditions. 
Although there is a dilution effect of using whole plants for rooting studies, this approach 
was chosen to achieve the needed yield for downstream protein analyses. Moreover, poten-
tially relevant correlative interactions of shoots and the AR zone could be included in the 
analyses.
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Protein extraction and quantification

Protein extraction was from three different biological samples (weighing 0.3 g FM each) 
using the 10% trichloroacetic acid (TCA)/acetone precipitation method (Damerval et  al. 
1986) with some modifications. Samples (whole plants) were ground under liquid nitrogen 
and suspended in 1  mL of cold extraction buffer with 10% (w/v) TCA (Sigma-Aldrich, 
St. Louis, USA) in acetone with 20 mM dithiothreitol (DTT; GE Healthcare, Little Chal-
font, U.K.). Mixtures were kept at − 20  °C for 1 h and then centrifuged at 16,000 g for 
30 min at 4 °C. Pellets were washed three times with cold acetone containing 20 mM DTT 
and air dried. Next, pellets were resuspended in buffer containing 7  M urea, 2  M thio-
urea, 1% DTT, 1  mM phenylmethylsulfonide, and 2% Triton X-100 (Sigma-Aldrich, St. 
Louis, USA), vortexed and incubated on ice for 30 min, and then centrifuged at 16,000 g 
for 20  min at 4  °C. Supernatants were recovered and their protein concentrations deter-
mined using a 2-D Quant Kit (GE Healthcare, Little Chalfont, U.K.).

Protein digestion

Samples were desalted using Amicon Ultra-0.5 3  kDa centrifugal filters (Merck Milli-
pore, Germany). Filters were filled to maximum capacity with buffers and centrifuged at 
15,000  g for 10  min at 25  °C. Washing was done three times with 50  mM ammonium 
bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) pH 8.5; approximately 50 μL remained 
per sample after the last wash. Protein digestion followed Calderan-Rodrigues et al. (2014). 
For each sample, 25 μL of 0.2% (v/v) RapiGest® (Waters, Milford, CT, USA) were added, 
samples were quickly vortexed and incubated in an Eppendorf Thermomixer® at 80 °C for 
15 min. Next, 2.5 μL of 100 mM DTT (GE Healthcare, Little Chalfont, UK) were added, 
followed by vortexing and incubation at 60 °C for 30 min under agitation. Then, 2.5 μL of 
300 mM iodoacetamide (GE Healthcare, Little Chalfont, UK) were added, samples were 
vortexed and incubated in the dark for 30 min at RT. Twenty μL of trypsin solution (50 ng/
μL; V5111, Promega, Madison, WI, USA) prepared in 50  mM ammonium bicarbonate 
was added, followed by sample incubation at 37 °C for 15 h. RapiGest® precipitation and 
trypsin inhibition were carried out by addition of 10 μL of 5% (v/v) trifluoroacetic acid 
(TFA, Sigma-Aldrich, St. Louis, MO, USA) to samples, followed by maintenance at 37 °C 
for 30  min, and subsequent centrifugation for 20  min at 16,000  g. Next, samples were 
transferred to Total Recovery Vials (Waters, Milford, MA, USA).

Mass spectrometry analysis

A nanoAcquity UPLC (Waters, Milford, MA, USA) connected to a Synapt G2-Si (Waters, 
Milford, MA, USA) mass spectrometer (Waters, Milford, MA, USA) was employed for 
ESI-LC–MS/MS analysis. Chromatography was done by injecting 1 μL of digested samples 
(500 ng/μL) in order to normalize them before relative protein quantification. To ensure 
standardized molar values for all experimental conditions, normalization among samples 
was supported by stoichiometric measurements of total ion counts of MSE scouting runs 
before the analyses using the ProteinLynx Global Server v. 3.0 platform (PLGS; Waters, 
Milford, MA, USA). After sample normalization, the HDMSE runs consisted of three bio-
logical replicates per treatment. During separation, samples were applied on the nanoAc-
quity UPLC 5 μm C18 trap column (180 μm × 20 mm) at 5 μL/min for 3 min and then on 
the nanoAcquity HSS T3 1.8 μm analytical reversed phase column (75 μm × 150 mm) at 
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400 nL/min, at 45 °C column temperature. For peptide elution, a binary gradient was used, 
with mobile phase A (water - Tedia, Fairfield, OH, USA and 0.1% formic acid - Sigma-
Aldrich) and mobile phase B (acetonitrile and 0.1% formic acid, both from Sigma-Aldrich, 
St. Louis, MO, USA). Gradient elution started at 7% B, then increased from 7% B to 40% 
B up to 91.12 min, and from 40% B to 99.9% B up to 92.72 min, being kept at 99.9% until 
106.00 min, then decreasing to 7% B until 106.1 min and kept at 7% B until run comple-
tion at 120.00 min. Mass spectrometry was conducted in positive and resolution mode (V 
mode), 35,000 FWHM, with ion mobility, and in mode of data-independent acquisition 
(DIA). Ion mobility separation (HDMSE) was done using IMS wave velocity of 600 m/s, 
and helium and IMS gas flow of 180 and 90 mL/min respectively. Transfer collision energy 
was raised from 19  V to 55  V in high-energy mode; cone and capillary voltages were 
30 V and 2750 V, respectively; and temperature source was 70 °C. In TOF parameters, the 
scan time was set to 0.5 s in continuum mode and mass range of 50–2000 Da. The human 
[Glu1]-fibrinopeptide B (Sigma-Aldrich, St. Louis, MO, USA) at 100 fmol/μL was used as 
an external calibrator, whereas lock mass acquisition was obtained every 30 s. Mass spec-
tra acquisition was analyzed with MassLynx v4.0 software.

The mass spectrometry proteomic data have been deposited in the ProteomeXchange 
Consortium (Vizcaíno et al. 2014) via the PRIDE (Vizcaíno et al. 2016) partner repository 
with the dataset identifiers PXD013924 and PXD013925.

Proteomics and rooting data analysis

Proteins that were regulated during AR in control and auxin-treated plants of E. globulus 
and in control plants of E. grandis were identified using specific algorithms (Silva et al. 
2005). Proteins obtained from each comparison group were organized into a statistically 
significant list corresponding to regulated (increased and decreased ratios) and unchanged 
ratios. Analyses were made separately with data from AR induction phase and AR forma-
tion phase and data normalization was performed as previously described (Heringer et al. 
2015).

Spectra processing and database searching conditions were carried out with Progen-
esis QI for Proteomics Software V.2.0 (Nonlinear Dynamics, Newcastle, UK) according 
to Heringer et al. (2015). The following parameters were set: Apex3D of 150 counts for 
low energy threshold, 50 counts for elevated energy threshold, and 750 counts for intensity 
threshold; 1 missed cleavage, 2 minimum fragment ion per peptide, 5 minimum fragment 
ion per protein, 2 minimum peptide per protein, fixed modifications of carbamidomethyl 
(C) and variable modifications of oxidation (M) and phosphoryl (STY), and a default false 
discovery rate (FDR) value at four percent maximum, peptide score higher than four, and 
maximum mass errors of 10 ppm. The confidence score in the Progenesis QI for Proteom-
ics Software V.2.0 is the mean score of the following properties: Mass error, Isotope distri-
bution similarity, Retention time error, CCS (collisional cross section) error, and Fragmen-
tation score. Samples with confidence scores lower than four are considered too noisy and 
are removed from the analyses (Progenesis QI for Proteomics User Guide).

Since at present there is no available complete annotated data for Eucalyptus globulus, 
the analysis used the Eucalyptus grandis v 2.0 protein databank of Phytozome (Goodstein 
et al. 2012). Label-free relative quantitative analyses were done based on the ratio of pro-
tein ion counts among contrasting samples. Proteomic experiments had three biological 
replicates of 6 plants each. After data processing, in order to ensure the quality of results, 
only proteins present or absent (for unique proteins) in all biological replicates of each 
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treatment were considered. Based on the results of ANOVA (p < 0.05), differentially abun-
dant proteins were regarded as upregulated when fold change (FC) was higher than 1.5 and 
downregulated if FC was lower than 0.67. Functional annotation used Blast2Go software v. 
3.4 (Conesa et al. 2005). Rooting percentages were obtained from two independent experi-
ments, each with 4 replicates of 5 microcuttings, analyzed by Welch ANOVA followed by 
Dunnet-C test (p < 0.05).

Results

Rooting profile

Rooting responses matched the expected differences between E. grandis (easy-to-root) and 
E. globulus (hard-to-root) (Fig. 1). The former species had over fivefold more rooting of 
cuttings than the latter. In addition, exposure of E. globulus microcuttings to exogenous 
auxin yielded rooting percentage equivalent to that of E. grandis control condition (Fig. 1).

Protein identification during induction and formation phases of AR

A total of 1424 protein hits were found, with an average of eight peptides per protein. Of 
these hits, 427 were common (unchanged) to all induction samples (Online Resource 1) 
and 395 were common to all formation samples (Online Resource 2). On the other hand, 
there were 288 differentially abundant protein hits during induction phase, four of them 
being unique to E. globulus samples when compared to E. grandis (Table 1 and Online 
Resource 3). Out of the 314 differentially abundant protein hits identified during the forma-
tion phase, there were two unique proteins to E. globulus and one to E. grandis (Table 1 
and Online Resource 4). After analysis of all regulated hits, 84 proteins were regulated 
only in induction and 110 regulated only in formation samples, being 204 proteins com-
mon to both phases, totalizing 398 differentially abundant proteins.

The unique E. globulus induction phase proteins included a Bark storage protein A-like 
(Eucgr.C02912.1.p), heat shock protein (Eucgr.C02653.1.p), alkenal reductase with oxi-
doreductase activity (Eucgr.G01686.1.p; EC 1.3.1.74) and a protein of unknown function 
(Eucgr.K01872.1.p) (Table 1). During the formation phase of AR, a unique E. grandis pro-
tein was identified as aquaporin (Eucgr.J00237.2.p) and two E. globulus unique proteins 
were the same heat shock and alkenal reductase proteins found during the induction phase 
(Table 1).

Analysis of the differentially abundant proteins between each group of comparison dur-
ing the induction phase revealed 8 downregulated and 26 upregulated proteins in E. globu-
lus auxin-treated plants when compared to E. globulus control plants (Online Resource 3). 
When comparing E. globulus auxin-treated plants to E. grandis control plants, we found 
125 down-regulated and 74 upregulated proteins (Online Resource 3). Comparing control 
conditions in both species, 172 down-regulated and 81 upregulated proteins in E. globulus 
when compared to E. grandis were found (Online Resource 3). During the formation phase 
of AR, E. globulus auxin-treated plants had 56 downregulated proteins and 83 upregu-
lated proteins when compared to E. globulus control plants (Online Resource 4). When 
comparing E. globulus auxin-treated plants with E. grandis control plants, there were 112 
down-regulated and 99 upregulated proteins in the former (Online Resource 4). Finally, the 
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Fig. 1   Adventitious rooting phenotypes of E. globulus and E. grandis. A E. globulus in control condition, 
showing no roots. B Phenotype of E. globulus treated with auxin or E. grandis in control condition, show-
ing presence of adventitious roots (arrows). Scale bar in A and B: approximately 1 cm. C Rooting percent-
age in E. globulus and E. grandis. Bars sharing the same letters are not different according to Dunnet-C test 
with p ≤ 0.05. Error bars correspond to standard deviation. Control and auxin labels indicate absence and 
presence of exogenous auxin treatment, respectively
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comparison between control plants during formation phase revealed that E. globulus had 
128 down and 77 upregulated proteins when compared to E. grandis (Online Resource 4). 
Overall more proteins were identified during the formation phase compared to induction 
(314 vs 288, respectively).

Functional classification of identified proteins

The 602 identified hits belong to different biological pathways, with 2% (13 hits) corre-
sponding to unknown proteins. During both induction and formation phases of AR, most 
of the identified proteins were related to oxidation–reduction processes (22%—130 hits), 
followed by energy metabolism (16%—99 hits) and photosynthesis (11%—65 hits) (Fig. 2, 
Online Resources 5 and 6).

During induction, among the proteins involved in oxidative stress, the Cu–Zn isoform of 
superoxide dismutase (SOD; EC 1.15.1.1) and peroxidase 5-like (EC 1.11.1.7) were down-
regulated in E. grandis when compared to E. globulus samples. On the other hand, during 
the same AR phase, Fe isoform of SOD (EC 1.15.1.1), peroxidase 12-like and 3-like (EC 
1.11.1.7) were downregulated in both control and auxin-treated E. globulus when com-
pared to E. grandis (Online Resource 5). At the root formation step, SOD isoforms and per-
oxidase 12-like were downregulated, whereas peroxidase 5-like remained upregulated in E. 
globulus relative to E. grandis (Online Resource 6). Isoflavone-reductases (EC 1.3.1.45) 
were differentially abundant in all samples and species, with most hits showing upregula-
tion in E. globulus compared to E. grandis in both phases of AR (Online Resources 5 and 
6).

Fig. 2   Classification of differentially abundant proteins identified during induction and formation phases of 
AR in E. globulus and E. grandis 
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In agreement with the marked presence of proteins related to oxidation–reduction 
processes, 3% of proteins detected were involved in defense responses (Fig.  2, Online 
Resources 5 and 6). Unlike the profile of expression of defense-related proteins, photo-
synthesis-associated proteins had lower expression in E. globulus when compared to E. 
grandis, mostly during the induction phase (Online Resource 5), but also for the majority 
of proteins in this class of function at the formation step (Online Resource 6).

In the energy metabolism pathway category, we found proteins involved in the homeo-
stasis of carbon such as soluble sugars and starch metabolism and enzymes involved in gly-
colytic reactions (Table 2). Two hits were identified as fructose-1,6-bisphosphatase chlo-
roplastic (Eucgr.I02616.1 and Eucgr.B02755.1; EC 3.1.3.11), both of which have shown 
similar expression patterns, being more abundant in conditions relatively less favorable 
to rooting. Eucgr.I02616.1 was more abundant in control and auxin-treated E. globulus 
when compared to E. grandis. In contrast, Eucgr.B02755.1 had higher accumulation in E. 
globulus control samples when compared to auxin-treated ones (Table 2). In starch-related 
pathways, three plastidic proteins were upregulated in E. grandis control compared to the 
same treatment in E. globulus: glucose-1-phosphate adenylyltransferase (Eucgr.K01372.1; 
EC 2.7.7.27), glucose-6-phosphate isomerase (Eucgr.F02133.1; EC 5.3.1.9) and a fructoki-
nase (probable fructokinase-chloroplastic—Eucgr.F02835.1; EC 2.7.1.4). The first protein 
was upregulated only during induction and the others were upregulated in both induction 
and formation phases (Table 2). Concerning sucrose metabolism, we detected upregulation 
of a sucrose synthase (Eucgr.C03205.1; EC 2.4.1.13) in E. globulus during the formation 
phase, in response to exogenous auxin treatment. As far as glycolysis, five hits were iden-
tified for fructose-bisphosphate aldolase (EC 4.1.2.13), being three cytoplasmic (Eucgr.
B03891.1, Eucgr.K02073.1, Eucgr.A01538.1) and two plastidic isoforms (Eucgr.I01326.1, 
Eucgr.B02864.1), which, for the most part, remained unchanged (Table 2).

Galactose metabolism was represented by two UDP-glucose 4-epimerases GEPI48 
(Eucgr.D01750.1 and Eucgr.E00872.1; EC 5.1.3.2). Eucgr.D01750.1 was upregulated in 
E. globulus and Eucgr.E00872.1 in E. grandis (Table  2). Another protein induced in E. 
globulus was UDP-glucose 6-dehydrogenase 1 (Eucgr.J01372.1; EC 1.1.1.22), which was 
upregulated in control samples during the induction phase (Table 2).

Although quantitatively less represented (53 hits in total, corresponding to 9% of identi-
fied hits) (Fig.  2), several differentially regulated proteins related to biological pathways 
important for rooting competence and root architecture establishment were observed, 
including phytohormone signaling (Table  3), microtubule and cell wall organization 
(Table  4) and secondary metabolism (Table  5). As far as phytohormones, the findings 
include proteins involved in biosynthesis and signaling of auxin, abscisic acid (ABA), sali-
cylic acid (SA), and jasmonic acid (JA) (Table 3). The auxin-binding protein ABP19a-like 
(Eucgr.C03537.1) was upregulated in E. globulus samples treated with exogenous auxin 
when compared to E. globulus control (induction phase) or E. grandis samples (formation 
phase) (Table 3). Exogenous auxin was associated with downregulation of the Indole-Ace-
tic Acid (IAA) biosynthesis-related protein amidase 1 (Eucgr.B01994.1; EC 3.5.1.4) dur-
ing formation phase and upregulation of an aspartate aminotransferase (AAT; EC 2.6.1.1) 
(Eucgr.F02571.1) during induction phase compared to E. globulus control. AAT was also 
upregulated in E. grandis, but in both phases of AR (Table 3). Two hits were identified as 
the same salicylic acid-binding 2-like protein (Eucgr.I01013.1 and Eucgr.I01014.1). Eucgr.
I01013.1 was upregulated in E. globulus auxin treated samples during formation phase and 
Eucgr.I01014.1 was upregulated in E. grandis samples in both induction and formation 
phases (Table  3). The ABA-related proteins zeaxanthin epoxidase (Eucgr.I00922.1; EC 
1.14.15.21) and annexin D1 (Eucgr.F02411.1) were also upregulated in E. grandis. On the 
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other hand, the abscisic stress-ripening 1-like protein (Eucgr.F04219.1) was downregulated 
in response to auxin (Table 3). JA biosynthetic-related protein peroxisomal fatty acid beta-
oxidation multifunctional AIM1 (Eucgr.C01261.1) was downregulated during induction 
phase in the easy-to-root species E. grandis (Table 3).

A cell division protein (Eucgr.K01258.1) was upregulated during formation phase of 
AR in E. globulus auxin-treated samples (Table 4). The cell wall biogenesis protein xylosi-
dase (EC 3.2.1.37) was found three times during formation phase (Eucgr.F02441.1, Eucgr.
G00649.1, Eucgr.G00651.1), being regulated in different ways, for the most part down-
regulated by auxin treatment and upregulated in E. grandis (Table 4). The same profile was 
observed for microtubule-related proteins actin (Eucgr.G02932.1 and Eucgr.J00015.2) and 
alpha (Eucgr.B03604.1) and beta tubulin (Eucgr.K01666.1 and Eucgr.K00264.1), which 
were also differently abundant depending on phase of AR (Table 4). Overall, these proteins 
were downregulated in presence of auxin and upregulated in E. grandis. A kinesin protein 
(kinesin KIF22 isoform X2-Eucgr.K00277.1) was upregulated in auxin-treated samples 
during formation phase (Table 4).

Secondary metabolism was represented by the differential expression of proteins 
involved in lignin, flavonoid and terpene metabolism (Table  5). The enzyme laccase-9 
(Eucgr.F04160.1; EC 1.10.3.2), involved in the biosynthesis of lignin, was upregulated 
in E. grandis when compared to E. globulus control samples, during both induction and 
formation phases (Table  5). The flavonoid metabolism enzyme anthocyanidin reductase 
(Eucgr.D00858.1; EC 1.3.1.77) was downregulated in E. grandis (Table 5). On the other 
hand, the application of exogenous auxin induced the upregulation of a chalcone isomerase 
(Eucgr.F03816.1; EC 5.5.1.6) during formation phase in E. globulus auxin-treated samples 
when compared to E. globulus control samples, whereas the same enzyme was upregulated 
in E. grandis (Table 5).

Discussion

The overall higher number of identified proteins during the formation phase (314 vs 288 
during induction) probably reflects the important cellular changes that occur during this 
phase leading to the development and elongation of adventitious roots. In the compari-
son between both E. globulus control and auxin-treated conditions with E. grandis, more 
proteins were downregulated, possibly as a result of the attenuation or shut down of pro-
duction of AR repressing-related proteins in the easy-to-root species, whose corresponding 
transcripts were shown to be more expressed in the hard-to-root counterpart in tissue spe-
cific evaluations (de Almeida et al. 2015). This condition would allow higher expression of 
proteins related to AR development in the easy-to-root species.

Finding of proteins involved in stress response during AR is expected, mainly due to the 
wounding caused by cutting severance (Ahkami et al. 2009). Wounding increases reactive 
oxygen species and polyphenols, which can modulate AR (Steffens and Rasmussen 2016).

Superoxide dismutase expression indicates dismutation of superoxide and production 
of hydrogen peroxide (H2O2) during AR (Zelko et al. 2002). H2O2 may act as AR signal 
(Santos Macedo et al. 2012; Li et al. 2017) but it also needs to be controlled, both as signal 
and oxidative agent. This could explain the overall upregulation of these H2O2 generating 
enzymes in E. grandis samples when compared to E. globulus ones, affording finer regula-
tion of superoxide and H2O2 pools in the former. The presence of defense response proteins 
in both phases of AR is also relevant after wounding.
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Peroxidase activity can be a biochemical marker of adventitious root development in 
trees (Fett-Neto et  al. 1992), including E. globulus (Schwambach et  al. 2008; Aumond 
et  al. 2017). Peroxidase 5-like is involved in H2O2 and perhaps auxin catabolism at cut-
ting bases, decreasing rooting capacity, consistent with its upregulation during induction 
and formation in E. globulus, when compared to E. grandis. This concurs with lower H2O2 
production in the former species, which has lower amounts of SOD. Two other peroxidases 
(Peroxidase 3-like and Peroxidase 12-like), involved in the biosynthesis of polyphenols 
(e.g. matairesinol), were upregulated in E. grandis, possibly favoring AR by avoiding auxin 
degradation (De Klerk et al. 2011; Steffens and Rasmussen 2016).

Isoflavone reductase is involved in the biosynthesis of phenylpropanoid-derived defense 
compounds, sharing similarities with lignan biosynthetic enzymes (Min et al. 2003). The 
accumulation of phenolic acids and flavonoids was correlated with in vitro cutting root-
ing, as these compounds can modulate peroxidase activity and prevent auxin degradation 
(de Klerk et al. 1999). Isoflavone reductase was found in the cambium region of E. gran-
dis (Celedon et  al. 2007), an important location for the origin of adventitious roots (de 
Almeida et al. 2015).

The increased expression of defense proteins (including isoflavone reductase-like pro-
teins) throughout rooting in E. globulus relative to E. grandis may reflect a slower and/or 
limited healing response to wounding. This could restrict rooting capacity in the former 
also as a result of energy, carbon and nitrogen diversion to defense. This is in line with 
the predominantly lower expression of photosynthesis related-proteins in E. globulus com-
pared to E. grandis along the rooting phases.

Overall presence of photosynthesis related proteins was probably increased by the use 
of whole plants for protein extraction. Most photosynthesis-related proteins were less abun-
dant in E. globulus when compared to E. grandis, contrasting with findings in Arabidopsis, 
where several plastid-encoded proteins were accumulated in poor rooting genotypes (Sorin 
et al. 2006). However, microarray analyses in Pinus contorta showed down-regulation of 
plastid protein transcripts, which was tentatively explained by the loss of photosynthetic 
capacity of hypocotyl cells during AR (Brinker et al. 2004).

Unique proteins

Bark storage proteins are involved in nitrogen dynamics in temperate hardwoods, decreas-
ing during cambium activation and increasing during dormancy (Druart et  al. 2007), 
wounding, and methyl jasmonate treatment (Beardmore et al. 2000). Presence of this pro-
tein in E. globulus probably reflects a reduced or slower N mobilization capacity during 
AR. Lower abundance of JA biosynthetic-related protein peroxisomal fatty acid beta-oxi-
dation multifunctional AIM1 (Eucgr.C01261.1) in E. grandis during root induction is in 
agreement with less bark storage protein (Table 3).

Heat shock proteins (HSPs) are essential in cells. Some can act as chaperones in protein 
folding, assembly, translocation, and degradation (Park and Seo 2015). HSP90 is related 
to plant development (Xu et  al. 2012), involved in responses to auxins and brassinoster-
oids (Amzallag and Goloubinoff 2003; Wang et al. 2016). The finding of this protein in E. 
globulus suggests a role for HSP90 in hormonal homeostasis during AR.

Alkenal reductases are involved in detoxifying lipid peroxide-derived reactive carbon-
yls (RCs), preserving respiration and growth under oxidative stress (Mano et  al. 2005; 
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Yamauchi et  al. 2012). Detection of these proteins in E. globulus highlights the need to 
control oxidative stress associated with severance wounding.

The only protein found exclusively in E. grandis was an aquaporin (Probable aquaporin 
PIP-type 7a—Eucgr.J00237.2). Aquaporins are involved in water uptake and are induced 
by auxin during lateral root formation to facilitate emergence (Péret et al. 2012). In pop-
lar AR, transcripts encoding PIP aquaporins were highly expressed in root primordium 
(Kohler et al. 2003), which agrees with the protein accumulation in the easy-to-root euca-
lypt during the formation phase.

Carbon metabolism

Proteins involved in energy metabolism, encompassing carbon biochemistry-related 
enzymes among several others, were highly represented. This is consistent with AR pro-
teome analyses in Arabidopsis, Chrysanthemum, hybrid larch and apple (Han et al. 2014; 
Lei et  al. 2018; Liu et  al. 2013; Sorin et  al. 2006) and rooting in Petunia hybrida and 
mung bean (Ahkami et al. 2014; Li et al. 2017), highlighting the important roles of energy 
metabolism-related proteins and enzymes in resources accumulation and distribution. Car-
bon metabolism during rooting is paramount, as it provides necessary energy and carbon 
skeletons to support cell division, establishment of the new root meristems and root for-
mation (da Costa et al. 2013). Soluble sugars can positively regulate the development of 
adventitious roots (Steffens and Rasmussen 2016).

Fructose-1,6-bisphosphatase converts fructose-1,6-bisphosphate to fructose-6-phos-
phate and Pi in an irreversible way. The cytosolic form is involved in sucrose synthesis 
whereas the plastidic form plays a regulatory role in CO2 assimilation (Chueca et al. 2002) 
and starch synthesis (Rojas-González et al. 2015). In IBA-exposed apple cuttings, upreg-
ulation of four proteins identified as fructose-1,6-bisphosphatase was reported (Lei et al. 
2018). During AR promotion by etiolation in black locust, genes encoding fructose-1,6-bi-
sphosphatase had increased expression, presumably leading to induction of sucrose biosyn-
thesis and improved formation of adventitious roots (Lu et al. 2017). Decrease of cytosolic 
fructose-1,6-bisphosphatase activity was observed over time in Petunia hybrida cuttings 
and starch accumulation was seen later in AR (Ahkami et  al. 2009). Here two proteins 
identified as chloroplastic fructose-1,6-bisphosphatase showed similar expression patterns 
(increased in the recalcitrant species). This corroborates previous findings, as the content 
of soluble sugars and starch was higher in E. globulus than in E. grandis microcuttings 
(Ruedell et  al. 2013). In contrast, auxin treated E. globulus showed lower accumulation 
of chloroplastic fructose-1,6-bisphosphatase (Eucgr.B02755.1) than its untreated control. 
Increased chloroplastic fructose-1,6-bisphosphatase was observed in both induction and 
formation steps, often the latter (Table 2).

Two starch-related proteins from chloroplast were upregulated in E. grandis. Eucgr.
K01372.1 is involved in starch biosynthesis and was more abundant in the easy-to-root 
species only during induction phase in control condition compared to E. globulus. This 
enzyme was induced in apple cuttings by exogenous auxin (Lei et al. 2018). In turn, Eucgr.
F02133.1 was upregulated in both induction and formation phases, being involved in starch 
accumulation in plastids (Grauvogel et al. 2007).

A fructokinase was also upregulated in E. grandis in both rooting phases. Transcription 
of the gene encoding this enzyme was induced in microcuttings of E. globulus derived 
from donor plants exposed to far-red light (a condition that promotes adventitious root 
development) during early induction step of AR (Ruedell et  al. 2015). Fructokinase was 
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also upregulated in etiolated cuttings of black locust (Lu et al. 2014) and in IBA-treated 
apple cuttings (Lei et al. 2018).

Considering the induction of fructokinases in samples prone to rooting, these results 
suggest a positive role of these enzymes in the homeostasis of carbohydrates in AR. 
Results suggest that starch is acting as the main source of energy during AR, its availability 
being directly correlated with rooting. Other factors could affect starch use in E. globulus 
contributing to recalcitrance.

Transcripts of sucrose synthase, which converts sucrose into UDP-glucose and fructose 
(Rolland et al. 2006), were upregulated in carnation cuttings early in AR (Villacorta-Mar-
tín et al. 2015). In E. globulus microcuttings from donor plants exposed to far-red light, 
sucrose synthase gene expression increased during formation phase (Ruedell et al. 2015). 
Herein, the enzyme was upregulated in E. globulus in response to exogenous auxin treat-
ment during formation. Positive interactions between glucose and auxin in controlling 
development of roots in Arabidopsis (Mishra et al. 2009) and of adventitious roots in euca-
lypts (Corrêa et al. 2005) have been reported. Proteome data further support a role for this 
interaction in AR regulation of Eucalyptus.

Fructose-bisphosphate aldolase correlated negatively with adventitious root number and 
free IAA content in Arabidopsis and Chrysanthemum (Sorin et al. 2006; Liu et al. 2013). 
This profile appeared to be matched by the cytosolic isoform Eucgr.B03891.1, which was 
overall less abundant in E. grandis. However, transcript of a plastidic isoform was upregu-
lated during in AR of Petunia hybrida at the time of formation of the first new meristematic 
cells, probably involving activation of glycolysis in the chloroplast to support starch bio-
synthesis (Ahkami et al. 2014). Five hits for fructose-bisphosphate aldolase were detected, 
being three cytoplasmic (Eucgr.B03891.1, Eucgr.K02073.1, Eucgr.A01538.1) and two 
plastidic isoforms (Eucgr.I01326.1, Eucgr.B02864.1).

UDP-glucose 4-epimerase is involved in galactose metabolism, important for cell wall 
synthesis. Transcriptome analysis during AR in P. contorta, revealed induction of a UDP-
glucose 4-epimerase at the stage of new root meristem formation (Brinker et al. 2004). In 
Arabidopsis, the enzyme was found to be important for root epidermal cells (Wang et al. 
2015b). Considering the evidence for main action of this enzyme in root meristem forma-
tion, our results suggest that Eucgr.D01750.1 acts preferentially in E. globulus and Eucgr.
E00872.1 in E. grandis. UDP-glucose 6-dehydrogenase is responsible for the conversion of 
UDP-glucose in UDP-glucuronic acid, from which monomers for pectic cell-wall polysac-
charides derive (Samac et al. 2004). Transcriptional studies support a role for this enzyme 
in providing precursors for cell wall biosynthesis (Seitz et al. 2000). Considering that dur-
ing the induction phase of AR cell walls should be weakened and extensively remodeled, 
allowing cell growth and expansion, the upregulation of UDP-glucose 6-dehydrogenase 1 
in E. globulus control samples during induction phase suggests that the activation of cell 
wall synthesis at this stage could contribute for the hard-to-root phenotype of this species. 
In addition, the exogenous supply of auxin seems to reverse this trend.

Phytohormones

The role of phytohormones in the control of AR can be considerably variable, depending 
mainly on species, system (cuttings, hypocotyls, petioles), phase, and culture conditions 
(da Costa et al. 2013; Druege et al. 2016).

Auxins are known as major regulators of rooting (Pacurar et al. 2014). Three auxin-
related proteins were found in the present study, one involved in signaling and two 
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involved in biosynthesis. Auxin-binding protein ABP19a-like was upregulated in E. 
globulus in response to exogenous auxin. In mung bean cuttings (easy-to-root) treated 
with water or H2O2, increased expression of ABP19 gene from 6 h to 24 h after treat-
ment was observed (Li et al. 2015, 2017). ABP19a-like probably acts as an auxin bind-
ing molecule  similar to the well known ABP1, which could modulate fast responses 
to auxin (Tromas et al. 2009). Transcriptome profiles during AR in E. globulus and E. 
grandis revealed higher expression of ABP1 in E. grandis cuttings treated with exog-
enous auxin during the induction phase (de Almeida et  al. 2015). Considering that 
ABP1 and ABP19 are from the same family and could have overlapping functions, these 
results suggest that exogenous auxin could induce the accumulation of auxin binding 
proteins, potentially affecting water uptake and cellular expansion (Tromas et al. 2009).

Exogenous auxin led to down-regulation of amidase 1 during the formation phase. 
This protein is involved in IAA biosynthesis via IAM (indole-3-acetamide) (Zhao 
2010), a process that would be less required upon exogenous supply of auxin. Repres-
sion of auxin production during the formation phase is expected to allow root elongation 
(de Klerk et al. 1999).

Aspartate aminotransferase (AAT) is involved in the regulation of biosynthesis of 
auxin and ethylene. Genetic data showed that AAT acts downstream of TAA1 (conver-
sion of Trp to indole-3-pyruvic acid, IPA) and upstream of YUCCA (conversion of IPA 
to IAA), negatively modulating IAA biosynthesis by altering IPA pool (Zheng et  al. 
2013). Upregulation of an AAT in E. globulus auxin-treated samples during induc-
tion phase and in E. grandis in both phases of AR was recorded, suggesting decrease 
in auxin biosynthesis. Similar result was found in IBA-treated cuttings of black locust, 
where an AAT was upregulated at early stages of AR (Quan et al. 2017). Taking into 
account that E. grandis has significantly higher concentration of total IAA compared to 
E. globulus (de Almeida et al. 2015), it is possible that ATT acts on the modulation of 
an auxin pool favorable to rooting. AAT also converts oxaloacetate in aspartate (Melzer 
and O’Leary 1987). The gene encoding AAT was induced at early AR stages in petunia 
cuttings, along with aspartate level, indicating its importance during rooting (Ahkami 
et al. 2014). Further studies are necessary to better understand the specifics of aspartate 
and ATTs in the regulation of AR.

SA may have positive roles in AR (Pacurar et  al. 2014). The upregulation of two 
salicylic acid-binding 2-like proteins in auxin-treated E. globulus and in untreated E. 
grandis microcuttings reinforces the idea of a crosstalk between auxin and SA (Agulló-
Antón et  al. 2014) in AR, as both proteins were induced in samples showing rooting 
competent phenotypes.

Most studies have shown ABA negative effect on AR (da Costa et al. 2013). Surpris-
ingly, proteomic analyses of IBA-induced AR in apple cuttings showed increase in ABA 
content and ABA-related proteins in IBA-treated samples (Lei et al. 2018). Our results 
are in agreement with these findings, as most ABA response, signaling and biosynthe-
sis-related proteins identified were predominantly upregulated in easy-to-root E. gran-
dis. However, one of the proteins involved in response to ABA (Eucgr.F04219.1) was 
downregulated in response to auxin. ABA has multiple roles, ranging from cell division 
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inhibition to water stress adaptive responses both of them relevant for cutting root-
ing. Its participation in root architecture and lateral root development is consensus and 
shown to feature plant species variation and dependence on concentration and environ-
mental stress effects (Harris 2015). It is feasible that a potential ABA-driven repression 
of auxin signaling during root formation step could help root elongation in Eucalyptus.

JA has been pointed out as a positive regulator of AR, mainly during the induction 
phase (Ravnikar et al. 1992; Rasmussen et al. 2015; Lischweski et al. 2015). This is in 
contrast to the negative role of JA observed in AR formation in intact hypocotyls of 
Arabidopsis (Gutierrez et  al. 2012). Herein, a JA biosynthesis protein was downregu-
lated during root induction phase in E. grandis. This may reflect a faster response and/or 
higher sensitivity of the easy-to-root species to JA in early stages of AR relative to the 
recalcitrant one. Several proteins could be involved in the JA biosynthesis and response 
pathway, some of them having overlapping functions.

Microtubule and cell wall modifications

Corroborating our findings, proteome and transcriptome studies during AR in cuttings 
of different plants including pine, poplar, carnation, E. grandis and Robinia report 
expression of proteins involved in cell wall remodeling and biosynthesis, cytoskeleton 
and microtubules (Álvarez et al. 2016; Díaz-Sala 2014; Druege et al. 2016). Exogenous 
auxin supply to cuttings acts predominantly at the wound site and lower region of basal 
stems, promoting cell dedifferentiation and new root meristem formation (Acosta et al. 
2009). Accumulation of endogenous auxin at the base of cuttings can also lead to cell 
division and expansion (da Costa et  al. 2013). Upregulation of a cell cycle protein in 
response to auxin during the formation phase of AR in E. globulus is in line with these 
changes. Beta-xylosidases have been identified as players during AR in black locust cut-
tings (Quan et al. 2017), and upregulation of a β-d-xylosidase during AR in IBA-treated 
samples was observed when compared to samples treated with cytokinin, a known AR 
inhibitor. We found three beta xylosidases during the formation phase, one of which 
(Eucgr.G00649.1) was more abundant upon auxin-treatment. Overall, beta xylosidases 
identified were distinctly regulated depending on the treatment contrast, showing that 
these proteins could have specific roles in regulating cell wall biogenesis during AR in 
Eucalyptus.

Microtubule-related proteins changed depending on phase of AR and treatment. A 
kinesin protein was consistently upregulated in auxin-treated samples during the forma-
tion phase, in agreement with findings of Abu-Abied et al. (2014), who reported a highly 
expressed gene coding for a kinesin-like protein in juvenile auxin-treated cuttings of E. 
grandis when compared to juvenile control, mature control and mature auxin-treated. 
Expression of kinesin-coding genes increased at the stage of cell division activation of 
carnation (Villacorta-Martín et  al. 2015). Considering the role of microtubules in plant 
morphogenesis and organogenesis (Landrein and Hamant 2013) and the crosstalk between 
auxin, microtubule and cell wall remodeling (Abu-Abied et  al. 2015), these results cor-
roborate the participation of microtubule-related proteins in AR regulation.
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Secondary metabolism

Plant laccases act in lignin biosynthesis, wound healing and maintenance of cell wall struc-
ture and integrity (Wang et al. 2015a). Transcript profile of E. grandis cambium showed 
that laccases are involved in lignification of juvenile wood-forming tissues (De Carvalho 
et al. 2008). Lignin metabolism is related to the regulation of cell division and differentia-
tion (Santos Macedo et al. 2012). During AR in mung bean cuttings, upregulation of lac-
case-7, possibly involved in lignin catabolism and cell wall loosening, was observed (Li 
et al. 2017). In the present study, upregulation of laccase-9 in E. grandis when compared to 
E. globulus control samples was recorded, particularly during the induction phase, impli-
cating lignin dynamics under conditions prone to adventitious roots development.

Anthocyanidin reductase, involved in the negative regulation of flavonoid biosynthesis, 
was downregulated in E. grandis. Consistently, flavonoid biosynthesis enzymes naringenin-
2-oxoglutarate 3-dioxygenase and chalcone isomerase were upregulated. Flavonoids are a 
major class of phenolic compounds that can modulate auxin transport (Peer and Murphy 
2007) by the interaction with PIN proteins (Buer et al. 2010) and act as auxin-protectors 
due to their antioxidant activity. In Eucalyptus gunnii, rooting was associated with high 
concentrations of some flavonoids (Curir et al. 1990), which was also reported during root 
formation phase in eucalypt (Schwambach et al. 2008).

Exogenous auxin treatment induced upregulation of a chalcone isomerase, also involved 
in flavonoid biosynthesis, during formation phase in E. globulus. This corroborates find-
ings in cuttings of Camellia sinensis treated with IBA, which showed increased expression 

Fig. 3   Proposed working model representing suggested important regulators of AR in Eucalyptus at the 
protein level. A Main differences between hard-to-root (E. globulus) and easy-to-root (E. grandis) phe-
notypes. During induction phase occurs the upregulation of UDP-glucose 6-dehydrogenase 1 increasing 
cell wall synthesis and contributing to the difficult-to-root feature of E. globulus. This phenotype is also 
result of low content of AR positive regulators such as H2O2, through the upregulation of peroxidase 5, low 
lignins (down-regulation of laccase-9) and flavonoids (down-regulation of chalcone isomerase and upregu-
lation of the negative regulator anthocyanidin reductase). Besides, a slower N mobilization capacity and an 
increase in defense responses could contribute to the recalcitrant phenotype. On the other hand, in E. gran-
dis occurs the upregulation of ABP19 during the induction phase, possibly modulating the auxin signaling 
pathway. The increase of positive regulators of AR such as aquaporin, H2O2 (upregulation of SOD), poly-
phenols (high peroxidases 3 and 12), starch synthesis and accumulation (high glucose-6-phosphate isomer-
ase and fructokinase), SA content (upregulation of SA binding protein), lignin (high laccase-9) and flavo-
noid (upregulation of chalcone isomerase and down-regulation of anthocyanidin reductase) also contributes 
to the rooting competent phenotype of E. grandis. The increase in ABA signaling could also suggest a posi-
tive role for ABA on AR. B Effect of exogenous auxin treatment on AR. The exogenous auxin induces 
auxin signaling (upregulation of ABP19), starch accumulation (high glucose-6-phosphate isomerase and 
fructokinase), high SA content (upregulation of SA binding protein) and high flavonoid (upregulation of 
chalcone isomerase and down-regulation of anthocyanidin reductase). Besides, important factors are associ-
ated with the formation phase, such as increase in sucrose metabolism (upregulation of sucrose synthase), 
high activity of cell cycle protein and MT-related kinesin, and decrease in auxin synthesis (down-regulation 
of amidase). Red rectangles are related to induction phase and blue rectangle is related to formation phase. 
Functions written in the middle of figures indicate no specific phase. SA, salicylic acid; MT, microtubule, 
ABA, abscisic acid

▸
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of flavonoid biosynthesis genes during AR (Wei et  al. 2013, 2014). Chalcone isomerase 
was also upregulated in E. grandis during both AR phases. These results, together with the 
repression of the negative regulator of flavonoid biosynthesis anthocyanidin reductase in E. 
grandis, implicate flavonoids in AR capacity.

Eucalyptus globulus (control)                        Eucalyptus globulus (auxin treated) 

I
n
d
u
c
t 
i
o
n 

F
o
r
m
a
t 
i
o
n 

no roots 

cell wall synthesis

auxin signaling
starch acccumulation
SA
flavonoids

sucrose metabolism
cell cycle
MT based process
auxin synthesis

Eucalyptus globulus (recalcitrant)                   Eucalyptus grandis (easy-to-root) 

I
n
d
u
c
t 
i
o
n 

F
o
r
m
a
t 
i
o
n 

no roots 

cell wall synthesis

aquaporin
H2O2 
polyphenols
starch acccumulation
SA
lignin
flavonoids
ABA signaling

N metabolism
H2O2 
lignin
flavonoids
Defense proteins

auxin signaling

N metabolism
H2O2 
lignin
flavonoids
Defense proteins

A

B



236	 New Forests (2020) 51:213–241

1 3

Conclusion

Proteins regulated along the different phases of eucalypt AR were identified and links 
between exogenous auxin, rooting recalcitrance and proteome were detected. Proteins 
related to positive regulators of AR, such as hydrogen peroxide and polyphenols, starch 
metabolism, lignin dynamics and increased flavonoid content were upregulated in E. gran-
dis when compared to E. globulus. Also associated with the easy-to-root phenotype were 
proteins involved in higher auxin signaling, salicylic acid and, unexpectedly, ABA-related 
proteins. Auxin proved determinant in reversing recalcitrant rooting phenotypes in cross-
talk with carbon sources, other phytohormones, cell cycle, and microtubule-related pro-
teins. Cell cycle and microtubule-related proteins were apparently more important during 
the formation step. Lower expression of flavonoid metabolism-related proteins in E. globu-
lus and increased UDP-glucose 4-epimerase involved in galactose metabolism and cell wall 
synthesis during the root induction phase could contribute to its hard-to-root phenotype. 
Taken together, data support an initial working model of key proteins regulating Eucalyp-
tus AR (Fig. 3). To the best of our knowledge, this is the first study concerning protein 
changes during AR in Eucalyptus. These results represent a relevant step in understanding 
this important process at the protein level and may help advance its control in eucalypts.
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