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Abstract
Main conclusion EgPHI-1 is a member of PHI-1/EXO/EXL protein family. Itsoverexpression in tobacco resulted in
changes in biomass partitioning, xylem fiberlength, secondary cell wall thickening and composition, and lignification.

Abstract Here, we report the functional characterization of a PHOSPHATE-INDUCED PROTEIN 1 homologue showing
differential expression in xylem cells from Eucalyptus species of contrasting phenotypes for wood quality and growth traits.
Our results indicated that this gene is a member of the PHI-1/EXO/EXL family. Analysis of the promoter cis-acting regu-
latory elements and expression responses to different treatments revealed that the Eucalyptus globulus PHI-1 (EgPHI-1)
is transcriptionally regulated by auxin, cytokinin, wounding and drought. EgPHI-1 overexpression in transgenic tobacco
changed the partitioning of biomass, favoring its allocation to shoots in detriment of roots. The stem of the transgenic plants
showed longer xylem fibers and reduced cellulose content, while the leaf xylem had enhanced secondary cell wall thickness.
UV microspectrophotometry of individual cell wall layers of fibers and vessels has shown that the transgenic plants exhibit
differences in the lignification of S2 layer in both cell types. Taken together, the results suggest that EgPHI-1 mediates the
elongation of secondary xylem fibers, secondary cell wall thickening and composition, and lignification, making it an attrac-
tive target for biotechnological applications in forestry and biofuel crops.
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SCW have multiple layers (S1-S2) that differ in microfibril
organization and in the ratios of cellulose to matrix (lignin,
hemicellulose, and pectin) components (Mellerowicz et al.
2008).

Lignification is the last step of SCW’s biosynthesis.
Lignin accounts for about 30% of the biomass in woody
tissues, conferring rigidity to SCW and being fundamental
for structural support and impermeability required for water
and nutrient transport over long distances (Leplé et al. 2007,
Meents et al. 2018). Lignin is also essential in determining
the quality of timber, mainly for pulp and paper industries.
The presence of lignin is a limiting factor for pulp and paper
production. It needs to be extracted from the wood by ther-
mochemical methods that are expensive both economically
and environmentally, reducing pulp yield (Peter et al. 2007).

The deposition of lignin in SCW requires transcriptional
regulators to coordinate the expression of dozens of genes
participating in this process (Andersson-Gunneras et al.
2006; Zhong et al. 2010). Several efforts have been dedi-
cated to develop genetically engineered trees with emphasis
on either reduced lignin levels or altered lignin composition
to improve the efficiency of wood pulp production (Hu et al.
1999; Pilate et al. 2002; Quang et al. 2012; Nuoendagula
et al. 2018). Although the roles of several genes involved in
secondary xylem formation have been elucidated, our knowl-
edge about SCW biosynthesis and its integration into plant
metabolism and connection with wood quality is still frag-
mentary. Recent studies have used multi-omics approaches
to obtain transcriptomic, proteomic and metabolomic data in
attempts to improve and understand the interactions of stress
response pathways and other complex processes related to
the growth and production of biomass (Nakahama et al.
2018; Obudulu et al. 2018).

To gain a more in-depth knowledge, we have carried out
a comparative analysis between the xylem transcriptomes
of Eucalyptus grandis and E. globulus using high density
microarrays (Pasquali et al. 2005). These two species display
contrasting characteristics of growth and wood quality. E.
grandis is a species native to tropical and subtropical regions
that exhibits rapid growth but produces a low-density wood;
whereas, E. globulus is a species from temperate climates
that produces high basic wood density and good fibre and
handsheet properties, but exhibits slow growth (Bernard
2003; Myburg et al. 2007).

One of the differentially expressed genes found in our
previous study encodes a polypeptide with high similarity
to PHOSPHATE-INDUCED PROTEIN 1 (PHI-1) from
tobacco and to EXORDIUM (EXO) and EXORDIUM-
like (EXL) proteins from Arabidopsis. This gene was
observed to be 7.5 X more expressed in the xylem of E.
globulus than in E. grandis. PHI-1/EXO/EXL comprises
an emerging and widely distributed family of proteins
involved in signaling pathways that control cell division
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and differentiation in response to hormonal and environ-
mental signals (Sano et al. 1999; Sano and Nagata 2002;
Farrar et al. 2003; Coll-Garcia et al. 2004; Schroder et al.
2009, 2011, 2012). PHI-1 was originally identified as a
protein involved in the phosphate-induced cell cycle activ-
ity in cell cultures of tobacco (Sano et al. 1999; Sano and
Nagata 2002). The gene identified by T-DNA mutagenesis
in Arabidopsis and named EXO was found to encode a
protein structurally related to PHI-1 of tobacco. EXO was
preferentially abundant in embryo cells in division, api-
cal meristems and young leaves, suggesting its role in the
maintenance of meristematic cells (Farrar et al. 2003). The
extracellular EXO protein of Arabidopsis was further iden-
tified as a mediator of cell expansion and shoot and root
growth promoted by brassinosteroids (Coll-Garcia et al.
2004; Schroder et al. 2009). Later, the brassinosteroids-
regulated EXL gene from Arabidopsis (EXLI) was shown
to be required for adaptation to carbon- and energy-limit-
ing growth conditions (Schroder et al. 2011, 2012; Lisso
et al. 2013).

Although PHI-1/EXO/EXL does not show similarities to
any protein with known function, they are a widely distrib-
uted class of proteins, present in coniferous, monocotyle-
donous and dicotyledonous plants, as well as in mosses and
soil bacteria (Sano et al. 1999; Dellagi et al. 2000; Schroder
et al. 2009). In higher plants, PHI-1 domain-encoding genes
have been reported to be differentially expressed during
secondary growth (Ko et al. 2004), in suspension cultures
of dedifferentiated cells (Iwase et al. 2005), in response to
fungal infection (Mustafa et al. 2009; Wu et al. 2010) and
insect damage (De-Vos and Jander 2009), during growth in
contaminated soils (Norton et al. 2008), in association with
weeds (Dita et al. 2009), in response to drought stress (Fox
et al. 2018), hypoxia and darkness (van Veen et al. 2016),
Botrytis cinerea infection and abiotic stress treatments
(Sham et al. 2014; Frey et al. 2020) and root treatment with
mycorrhiza helper bacteria such as Streptomyces sp. (Kurth
et al. 2015). EXL2 and EXL4 were proposed to act as com-
ponents of a gene regulatory network in bud dormancy in
woody and herbaceous species, potentially involved in sugar
sensing (Tarancén et al. 2017). Determination of the EXL7
histone epigenetic marks in response to B. cinerea (Sham
et al. 2014) revealed this gene as a potential biomarker for
the early detection of this fungus in Arabidopsis and tomato
plants (Crespo-Salvador et al. 2018).

In this study, we report the functional characterization
of an Eucalyptus homologue of PHI-1, named Eucalyptus
globulus PHI-1 (EgPHI-1). Our results show that EgPHI-1
overexpression in transgenic tobacco modifies plant growth,
biomass partitioning and the SCW properties. EgPHI-1 is
the first reported member of the PHI-1/EXO/EXL family
associated with secondary xylem differentiation and cell
wall properties in plants.
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Materials and methods
Plant material

Wild-type (WT) and three EgPHI-I-overexpressing
transgenic tobacco lines (L1, L2 and L3) were used in
this study. The EgPHI-1 transgenic lines represent distinct
events of Agrobacterium-mediated genetic transformation
that were previously generated (Sousa et al. 2014) and
selected on the basis of their increased EgPHI-1 mRNA
expression and protein levels as compared to the WT
plants (Suppl. Fig. S1). Ninety- or 60-day-old WT and
transgenic (T, generation) plants, cultivated in 20-L pots
filled with soil and washed sand (2:1 ratio) under stand-
ardized greenhouse conditions (70-80% relative humidity
and 25-30 ° C) and cultivation practices, were used in the
analyses.

Hormonal and stress-inducing treatments were applied
to 4-month-old E. grandis plants grown in vitro in
Murashige and Skoog medium (MS, Invitrogen) solidified
with 0.7% (w/v) Phytoagar (Duchefa, Haarlem, The Neth-
erlands) at 26 °C and a photoperiod of 16:8 h light:dark.
Groups of 3—4 plantlets were separately sprayed three
times with 0.2 mg L~! kinetin (Sigma-Aldrich, St. Louis,
MO, USA), 2 mg L~! 1-naphthaleneacetic acid (NAA;
Sigma-Aldrich) or water as a control. Other groups of 3—4
plantlets were subjected to drought stress or mechani-
cal wounding by, respectively, leaving the culture flasks
opened overnight in the growth chamber or clenching
leaves and stems with a flat forceps followed by water
sprays and overnight incubation in the growth chamber.
All plants were harvested 24 h after treatments, imme-
diately frozen and stored in liquid nitrogen. The control
group of plants was frozen in liquid nitrogen without any
treatment.

EgPHI-1 characteristics and phylogenetic analysis

The Expasy platform tools (http://expasy.org/tools/) were
used to calculate/deduce the different nucleotide and
amino acid sequence properties of EgPHI-1. The 1.5-kb
5'-upstream promoter region of EgPHI-1 (locus Eucgr.
F00356), available in the Eucalyptus reference genome
database (http://www.phytozome.net/eucalyptus.php), was
used to analyze putative regulatory cis-elements, employ-
ing the PlantCare software (http://bioinformatics.psb.ugent
.be/webtools/plantcare/html/), and predicted transcription
factors binding sites using the Plant Promoter Analysis
Navigator (PlantPAN; http://PlantPAN.itps.ncku.edu.
tw/). Comparative analyses were performed between the
EgPHI-1-deduced protein and 43 amino acid sequences

with the PHI-1/EXO conserved domain (Schroder et al.
2009) by multiple sequence alignment using the default
parameters of ClustalW (Thompson et al. 1994). Phyloge-
netic analysis was performed using the maximum likeli-
hood method based on the JTT matrix-based model (Jones
et al. 1992) of MEGAS software (Tamura et al. 2011). The
tree with the highest log likelihood was chosen and shown.
The bootstrap test was conducted with 1,000 replicates
and statistical values were presented as percentages in the
branches.

RNA isolation and reverse transcription-quantitative
PCR (RT-qPCR)

Total RNA was isolated from E. grandis seedlings using the
PureLink™ Plant RNA Reagent (Invitrogen), according to
the manufacturer’s instructions. The purity and concentra-
tion of total RNA samples were determined spectrophoto-
metrically and by agarose gel electrophoresis. Total RNA
samples were treated with RNase-free DNase I (Fermentas)
to remove any contaminating genomic DNA. Total RNA
treated with DNase I was used in cDNA synthesis with
the M-MLV Reverse Transcriptase (Promega, Madison,
WI, USA), according to manufacturer’s instructions. The
steady-state EgPHI-1 mRNA levels were estimated using
the ABI 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) and the SYBR Green PCR Master
Mix (Applied Biosystems), according to manufacturer’s
recommendations. Quantitative, real-time PCRs were per-
formed using three biological and three technical replicates.
The gene-encoding ribosomal protein L23A (RibL23A) (de
Oliveira et al. 2012) was used as internal reference gene
for normalizing EgPHI-1 expression. A negative control
without cDNA template was included for each primer pair.
Primer sequences employed for RibL23A were 5'-AAG
GACCCTGAAGAAGGACA-3'and 5'-CCTCAATCTTCT
TCATCGCA-3', and for EgPHI-1 were 5'-GCTCTGACC
AGTTTCCGAAAA-3' and 5’CCGGAACAGAGGTTAGGT
AAGCT-3'. The relative expression values were calculated
using the 2"24 method (Livak et al. 2001).

Analysis of plant growth

Plant height, leaf number per plant, leaf area, root length
and root system volume were analyzed in WT and transgenic
tobacco plants grown for 90 days under greenhouse condi-
tions. Total leaf area was determined using the LI-3100 area
meter (Li-Cor). Root volume was measured using the intact
root system to displace the water column in a graduated cyl-
inder. Leaves, stems and roots were separated and kept in
an air-circulation stove at 75 °C until a constant weight was
obtained. These materials were used to determine the dry
biomass of the different plant parts.
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Xylem anatomy

Stem samples (third internode from the apex) were collected
from 90-day-old WT and transgenic tobacco plants and fixed
in 70% ethanol for anatomical analysis of the xylem. Free-
hand stem cross sections were cleared and stained with 1%
(v/v) astra blue and 1% (v/v) safranin. Stem samples were
also used to obtain isolated fibers. These samples were
maintained in a solution of glacial acetic acid and hydrogen
peroxide (1:1, v/v) for 48 h at 60 °C. The resulting fibrous
complex was washed and stained with 1% (v/v) safranin.
Microscopic slides were prepared with the double stain-
ing cross sections, as well as with isolated staining fibers.
Slides were viewed under a light microscope (Olympus -
CX41) and photographed with a digital camera (Olympus
- C7070) attached to the equipment. Xylem anatomy was
also observed at cross sections of the base of the petioles
(third fully expanded leaves from the apex). Lignin autofluo-
rescence of vessels was detected using an epifluorescence
microscope (Leica DMRA2) equipped with a camera (Leica
MPS60) at 340-380-nm excitation wavelength and 400-nm
barrier filters. Images were analyzed employing the ImageJ
1.44 software (http://imagej.nih.gov.ij) and 135 measure-
ments of fiber length were performed. Three biological rep-
licates (plants) were used, each containing three slides.

Determination of stem chemical composition

Stems of 60-day-old WT and transgenic plants were har-
vested and kept in an air-circulation stove at 75 °C until a
constant weight was obtained. Three grams of dry stems
was milled to pass through a 0.84-mm screen. Milled sam-
ples were extracted with 95% ethanol for 6 h in a Soxhlet
apparatus. The percentage of extractives was determined
on the basis of the dry weight of the extracted and non-
extracted milled samples. The hydrolysis of ethanol-
extracted samples was performed with 72% sulfuric acid at
30 °C for 1 h as previously described (Ferraz et al. 2000).
The resulting acid solutions were diluted with water and
the mixture was heated at 121 °C/1 atm for 1 h. There-
after, residual materials were cooled and filtered (glass
filter number 3). Solids were dried to a constant weight at
105 °C and determined as insoluble lignin. The absorbance
of the filtrated at 205 nm was used to determine soluble
lignin concentration. Monomeric sugar concentrations in
the soluble fraction were determined by HPLC (HPX87H
column; Bio-Rad, Hercules, CA, USA) at 45 °C and an
elution rate of 0.6 mL min~! with 5 mmol L™! sulfuric
acid. Temperature-controlled refractive index detector at
35 °C was used to detect sugars. Xylose, mannose and
galactose were eluted at the same time under these con-
ditions, and appeared as single peaks. Glucose, xylose,
arabinose and acetic acid were used as external calibration
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standards. No corrections were performed because of
sugar-degradation reactions that take place during acid
hydrolysis. The factors used to convert sugar monomers
to anhydromonomers were 0.90 for glucose to glucan and
0.88 for xylose to xylan and arabinose to arabinan. Acetyl
content was calculated as the acetic acid content multi-
plied by 0.72. This procedure was conducted in triplicate.
Glucose was reported as cellulose after correction by the
hydrolysis factor, and the other sugars and acetic acid were
used to calculate the hemicellulose content in samples.

Sample preparations and cellular scanning
by UV-microspectrophotometry

Samples of the stem base taken from 60-day-old WT and
transgenic plants were dissected from the xylem of each
sample. Small blocks (approximately 1 X 1 X5 mm) were
dehydrated in a graded series of acetone and embedded in
Spurr’s (Spurr 1969) epoxy resin formulated to the stand-
ard hardness of the blocks (Spurr Low-Viscosity Embed-
ding Kit, EM0300, Sigma-Aldrich). Sections (1 pm)
were prepared from the samples with a LEICA EM-UC7
ultramicrotome fitted with a diamond knife (4 mm-Histo,
Diatome, Biel, Switzerland). Sections were transferred to
quartz microscope slides. UV-microspectrophotometry
analyses were performed with a ZEISS Axio Imager/J&M
microspectrophotometer (Zeiss, Jena, Germany/J&M Ana-
lytik, Essingen, Germany) equipped with a scanning stage,
allowing the determination of image profiles. The S2 lay-
ers of SCW from fibers and vessels in stem xylem of WT
and transgenic plants were analyzed by photometric point
measurements (1 pm? spot size) in a wavelength range
between 240 and 400 nm using the TIDASDAQ software
(J&M Analytik). For the assessment of UV absorbance
spectra, 20 and 10 point measurements from three biologi-
cal replicates of each plant were recorded for fibers and
vessels, respectively. Individual fibers of WT and L2 were
selected and scanned for the UV-image profiles at constant
wavelength of 280 nm (absorbance maximum of lignin).
UV-image profiles showed the lignin distribution in SCW
of selected fibers of stem xylem. The scan program digi-
tizes rectangular fields with a local geometrical resolution
of 1 pm?2. A 255 color scale varying from light green to
red was used to represent the range of 0.0-0.5 absorbance
units (4-D Map software from J&M Analytik). The colors
in the images are proportional to the absorption intensi-
ties, ranging from light green to red for low to intense
absorptions, respectively. Scans were depicted, without
repetitions or statistics, as histograms for semi-quantitative
evaluation of lignin occurrence into cell layers. The histo-
grams illustrate the pixel frequency of images at a 1-um?
geometrical resolution.
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Statistical analysis

Statistical significance between WT and transgenic plants
was determined by analysis of variance (ANOVA) followed
by Student’s ¢ test. A probability (P) of 0.05 or less was taken
to indicate statistical significance. Results are expressed as
mean + SE for (n) experiments.

Results
Identification and sequence analysis of EgPHI-1

The EgPHI-1 cDNA sequence characterized in this study
was 100% identical to coding sequence of the locus Eucgr.
F00356 in the E. grandis genome sequence database
(http://www.phytozome.net/eucalyptus.php). Therefore,
we assumed that EgPHI-1 corresponds to this locus in the
reference genome sequence available for Eucalyptus spp.
EgPHI-1 is 1,234 bp in length and contains an open read-
ing frame (ORF) of 951 bp encoding a deduced protein of
316 amino acid residues with a theoretical isoelectric point
of 8.06 and a calculated molecular weight of 33.1 kDa. A
signal peptide possibly involved in the secretory pathway
targeting to the endoplasmic reticulum was identified in the
N-terminal portion of the EgPHI-1-deduced amino acid
sequence, with a probable cleavage site between residues
G27 and S28 (Fig. 1a). Potential sites of glycosylation at
T257 and T264, as well as potential phosphorylation sites
at serine (S57, S70, S120, S147 and S310), threonine (T65,
T84 and T213) and tyrosine phosphorylation (Y248) were
identified in the deduced amino acid sequence of EgPHI-1
along with potential protein kinase C phosphorylation sites
(PKC, T104) (Fig. 1a).

Promoter analysis and expression of EgPHI-1
in Eucalyptus grandis

Analysis of the 1.5 kb 5'-upstream promoter region of
EgPHI-1 indicated the presence of several putative cis-acting
regulatory elements (Fig. 1b). They include those involved
in the response to light, such as Sp1 [CC(G/A)CCC], GAG-
motif [AGAGATG], Box II [ACACGTTGT], I-box [GAT
ATGG/CCTTATCCT], TCT-motif [TCTTAC], GA-motif
[ATAGATAA], GATA-motif [(AAG)GATA(GGA/AGG)]
and G-box [(TAA/C)ACGT(G/T)]. In addition, two as-2-box
cis-elements [GATAATGATG] involved in shoot-specific
expression were also identified. The promoter region of
EgPHI-1 also has one element that regulates the circadian
rhythm (Circadian [CAANNNNATC]), two binding sites
of MYB (MRE [AACCTAA] and MBS [CGGTCA)), two
response elements to abscisic acid (ABA; ABRE [(GCA/C)
ACGTG(TCQ)]), three response elements to auxin (ARF

[TGTCG]), one response element to cytokinin (ARR-B
[GGGCATG]) and two response elements to methyl jas-
monate (MeJA; CGTCA-motif [CGTCA] and TGACG-motif
[TGACG]). Other cis-acting regulatory elements found in
our analysis were as follows: two ARE elements [TGGTTT
], which are essential for anaerobic induction; one HSE ele-
ment [AGAAAATTCG], which responds to heat stress; and
one TCA-element [TCAGAAGAGG], which is important
for the responses induced by salicylic acid (Fig. 1b). The
biological significance of the following identified motifs
as transcription factor-binding sites (TFBS) was confirmed
with the PlantPAN database: Box II, I-box, G-box, MYB,
ABRE, ARF, ARR-B and CGTCA-motif.

To examine some of the conditions that affect EgPHI-1
expression, E. grandis seedlings were grown in vitro and
subjected to four different treatments. Expression analy-
sis showed that EgPHI-I transcription was induced by
mechanical wounding, NAA, kinetin and drought (Fig. 1c).
E. grandis seedlings treated with NAA showed the high-
est EgPHI-1 expression compared with other treatments.
EgPHI-1 expression in the kinetin-, mechanical wounding-
and drought-treated seedlings was nearly twice as high as
that of untreated seedlings (P < 0.05; Fig. 1c¢).

EgPHI-1 protein properties and phylogenetic
analysis

The major structural feature of EgPHI-1 is a region of
260-amino acid residues (Y44-S314) harboring the PHI-1
domain [Pfam 04674] (Fig. 1a). Alignment of EgPHI-1 and
43 other previously described (Schroder et al. 2009) homolo-
gous amino acid sequences indicated that EgPHI-1 belongs
to a large orthologous group of proteins that includes the
previously characterized tobacco PHI-1 and Arabidopsis
EXO, EXL1, EXL2 and EXI4 (Sano et al. 1999; Farrar et al.
2003) (Fig. 2a; Suppl. Fig. S2). EgPHI-1 grouped into a
specific sub-clade containing proteins from Oryza sativa and
Vitis vinifera (Fig. 2a). EgPHI-1 shares 64% similarity with
AAMO8535 of O. sativa and 75% similarity with CAO61694
of V. vinifera. A high degree of conservation among these
sequences is visualized in Fig. 2b.

EgPHI-1 overexpression changes growth
and biomass partitioning in transgenic plants

The EgPHI-1-overexpressing transgenic plants were, in
general, taller (Fig. 3a) and had more leaves (Fig. 3b), with
smaller leaf areas (Fig. 3c), than the WT plants. EgPHI-
1 overexpression also caused significant changes in the
allocation of biomass. All transgenic plants showed a sig-
nificant increase in leaf biomass (Fig. 3d), while only L3
exhibited a significant increase (P < 0.05) in stem biomass
(Fig. 3e). On the other hand, the root system biomass was
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significantly reduced in all transgenic plants (Fig. 3f),  biomass among the different organs of transgenic plants
while the root length was not affected, except for L1 (Fig. 3i), although their total biomass did not show sig-
(Fig. 3g). Conversely, the root systems of all transgenic  nificant variation (P < 0.05) when compared to WT plants
plants showed a higher volume than WT roots (Fig. 3h). (data not shown).

Significant changes were observed in the proportion of dry
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«Fig. 1 Characterization of the EgPHI-1 sequence and expression. a
Nucleotide sequence of the EgPHI-1 coding sequence (top line, left
numbered) and deduced amino acid residues (bottom line, right num-
bered). Sequence underlined in blue represents a putative signal pep-
tide. Red diamond indicates the probable cleavage point of the signal
peptide. Sequences underlined in black, orange and green represent
the possible phosphorylation sites for serine, threonine and tyrosine,
respectively. A protein kinase C (PKC) putative phosphorylation site
is indicated by a purple square. Amino acid residues in red represent
possible glycosylation sites. The sequence highlighted in gray repre-
sents the PHI-1 functional domain (Pfam04674). b Cis-acting regula-
tory elements and motifs in the EgPHI-I promoter region. Potential
regulatory sequences identified in the 1.5-kb 5'-upstream promoter
region of EgPHI-1 are represented as follows: closed circles, Spl;
black box, GAG-motif; gray arrow to right, TCT-motif; solar circle,
circadian; open boxes, I-Box; inverted black triangles, G-Box; open
diamond, box II; open triangles, ABRE; gray diamonds, ARE; black
triangle, GA-motif; gray triangle, HSE; black arrow to left, MBS;
open diamond, ARF; gray arrow to left, TCA-element; black arrows
to right, MRE; gray boxes, GATA-motif; open circle, ARR-B; gray
circles, as-2-box; closed diamond, TATA. ¢ Expression of EgPHI-1
in E. grandis seedlings subjected to different treatments. Total RNA
was isolated from E. grandis seedlings treated (wound, NAA, kinetin
and drought) and untreated. Relative gene expression was assessed by
RT-gPCR in three biological replicates and three technical replicates
per plant. Expression was calculated by the 222 method and values
were normalized against RibL23A. Bars represent the mean + SE of
three replicates (n=3). Statistically significant differences at P <0.05
(*), P<0.01 (**) and P<0.001 (***) between treated and untreated
E. grandis seedlings are indicated

EgPHI-1 overexpression changes the anatomy
of stem and leaf xylem

Cross sections of the third internode from the apex of WT
and transgenic plants were prepared and analyzed under
light microscopy. No consistent changes in the anatomy of
the secondary stem xylem were observed by analyzing the
double-stained images (Fig. 4a; Suppl. Fig. S3). However,
EgPHI-1 overexpression produced significant changes in the
morphology of stem fibers, as it increased the fiber length in
all transgenic plants (Fig. 4b).

Cross sections of the base of the petioles of WT and
transgenic plants were observed by epifluorescence micros-
copy to evidence the lignified structures in leaf xylem. In
general, the lignified xylem of transgenic lines was more
organized and closer to each other, resulting in a thicker and
more compact structure (Fig. 5a). Observations of electroni-
cally modified images (black and white color) to highlight
lignified areas (blue fluorescence) demonstrated an increased
intensity of fluorescence in all transgenic plants (Fig. 5b).

EgPHI-1 overexpression reduces the cellulose
content in stems

WT and transgenic plants were evaluated according to
their overall lignin, cellulose and hemicellulose con-
tents in stems. All transgenic lines showed a significant

reduction in cellulose content as compared with WT plants
(Table 1). The percentages of decrease in cellulose con-
tents were of ~4.7%, 5% and 2.5%, respectively, for L1, L2
and L3 as compared with WT. Significant alterations in
lignin content were not observed in most transgenic lines,
except for L2 (Table 1).

EgPHI-1 overexpression hardly affected the relative pro-
portions of the hemicellulose components (Suppl. Table S1).
A slight increase in the content of xylan was observed only
for L1, while only L2 showed a minor decrease in the levels
of this component that was apparently compensated by a
proportional increase in the levels of arabinosyl. Conversely,
the contents of extractives were significantly affected in the
transgenic plants, with two (L2 and L3) out of the three
transgenic lines analyzed showing a significant increase in
comparison with WT (Suppl. Fig. S4).

EgPHI-1 overexpression changes lignification
of individual cell wall layers of fibers and vessels

UV absorbance point spectra analysis was used to evaluate
the lignin content in SCW layers of fibers and vessels present
in the xylem. Profiles of lignified S2-layers of fibers (Fig. 6a)
and vessels (Fig. 6b) were generated for WT and transgenic
plants. The S2-layers of fibers and vessels from all samples
presented typical and similar UV spectra of lignin moieties
with a major band close at 280 nm (Fig. 6a and b, respec-
tively). Fibers and vessels of L2 and L3 showed significantly
lower UV absorptions at 280 nm as compared with the WT
(Fig. 6¢ and d, respectively). Conversely, fibers of L1 and the
WT exhibited similar UV absorbance at 280 nm (Fig. 6a, c);
whereas, the vessels of L1 displayed a significantly higher
UV absorbance at 280 nm than the WT (Fig. 6b, d). These
data indicate that the EgPHI-1 overexpression changes the
lignification of individual cell wall S2 of fibers and vessels.

Topochemical distribution of lignin in fibers

UV scanning profiles of lignin distributions in fibers were
compared between WT (Fig. 7a) and L2 (Fig. 7b) transgenic
plants. The scanning UV images of these cells indicated that
WT and L2 fibers exhibited different absorbance levels, with
the most intense absorbance seen in cell corners and com-
pound middle lamella for both plants (Figs. 7c, d). The S2
layer of WT fiber showed a more uniform lignin distribution,
with higher absorbance intensity (Fig. 7c, e), differing from
a diffuse lignin distribution in the S2 layers of L2 (Fig. 7d,
f). The average absorbance values for each image were cal-
culated from the frequency histograms. The fibers of WT
and L2 showed average absorptions at 280 nm of 0.20 and
0.16, respectively (Figs. 7e, f, respectively).

@ Springer



Planta (2020) 252:45

45 Page8of17

<
N 5 5 £
a 2, & & S < _{"v
v % 3 8 § 5 & ¢
o) =] 2 i < & ©
%2 & % &€ § £ & &
N 5 8 & 5§ §&§ £
) S B 2 2 & 5 S
S, 5 2 o @ % & I
& < Z s 9 &
b 5 2 3 o
S, CREP 02 o N ™
Q 1?7 i 4 ~ © o3 X o
%, %, 4 8 ) & °
3 * o N
48 L Vg
b4)e )2’/ £ 060 09:(5
74 % 3, \9900
&x S/ 06907'
7/1’ < & oRYSH
ABK9250, 5 wﬂ@‘
P P
OP1R Joo~d7® 0 pri1 PENC!
Os07,
90496700 ORys4 |
o8 $EXO ARATH
CA042000 VITVI 58 7] 76
p= 95 . ¢ EXL1 ARATH
3
ExXLT ARATH
NSh &
19386 © ® 3
8h® Q@
6'2-61 & b
o® &
KR I
L5
\)56 @é’ & L & o 2
AP G S &y &858 2
3 K L eITse
o & LA 8 e § 3
N S § 8§83
£ 2 9 -
o
b
*
CAO061694 vIvI
EQPHI-1

AAMOBS35_ORYSA

Conservation

% 230 250 *

2[40
CA061694 VITVI P P PNG
EgPHI-1 ASace P .
AAM08535_ORYSA VWVGDASABCPG R CAWP| RAP
Conservation . ’ “ I
| |
. s - "

Min. I Max.

diamond. Tobacco PHI-1 sequence is marked by a red diamond.
EXO/EXL sequences are marked by blue diamonds. The numbers
on the branches indicate bootstrap values (%). The black dot indi-
cates the mid-point rooting. b Conservation between EgPHI-1 amino
acid residues and the two nearest amino acid sequences (O. sativa
AAMO8535 and V. vinifera CAO61694). Minimum and maximum
conservation between amino acid residues are represented by color
range from brown to yellow and by numbers, respectively. *Indicates
omissions to regions with low conservation. Lateral numbers repre-
sent the size of the aligned fragment. Non-colored amino acid resi-
dues represent variations in the sequence

Fig.2 Phylogenetic relationships and primary structure conserva-
tion of EgPHI-1. a Phylogenetic tree based on EgPHI-1 deduced
amino acid sequence and other PHI-1/EXO/EXL homologous
sequences previously described (Schroder et al. 2009) and repre-
sented as following: ARATH (Arabidopsis thaliana), POPTR (Pop-
ulus trichocarpa), TOBAC (Nicotiana tabacum), ORYSA (Oryza
sativa Japonica Group), SOLTU (Solanum tuberosum), VITVI (Vitis
vinifera), POPTR (Populus trichocarpa x Populus deltéides), PICSI
(Picea sitchensis), PENCI (Cenchrus ciliaris), PHYPA (Physcomi-
trium patens), SORBI (Sorghum bicolor) and SOLUS (Candidatus
Solibacter usitatus). The EgPHI-1 sequence is marked by a green
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Fig.3 Growth of transgenic tobacco expressing EgPHI-1. Transgenic
(L1, L2 and L3) and WT plants grown for 90 days under greenhouse
conditions were evaluated as to height (a), leaf number per plant (b),
specific leaf area (c), leaf dry biomass (d), stem dry biomass (e), root
system dry biomass (f), root length (g), root system volume (h) and

Discussion

EgPHI-1 was shown to encode a predicted amino acid
sequence with homology to previously described PHI-1/
EXO/EXL proteins (Sano et al. 1999; Sano and Nagata
2002; Farrar et al. 2003; Coll-Garcia et al. 2004; Schroder
et al. 2009, 2011, 2012). Analysis of its deduced amino acid
sequence indicated the absence of hydrophobic regions
and the presence of a signal peptide for secretion (Fig. 1a),
suggesting that EgPHI-1 is a soluble extracellular protein,
possibly localized in the apoplast. Arabidopsis EXO:GFP
and EXO:HA fusion proteins were detected in the apoplast
and cell wall, respectively, in accordance with the predic-
tions of sequence analysis tools such as TargetP and Pre-
dotar (Schroder et al. 2009). Proteomic analyses have also
identified EXO, EXL1, EXL2, EXL3, and EXL4 proteins as
part of the cell wall proteome (Borderies et al. 2003; Bayer

total dry biomass (i). Bars represent the mean + SE of three replicates
(n=3). Statistically significant differences at P<0.05 (*), P<0.01
(**) and P<0.001 (***) between transgenic and WT plants are indi-
cated

et al. 2006; Feiz et al. 2006; Jamet et al. 2006). Moreover,
EXL2 expression was detected in both xylem and phloem
of Arabidopsis (Tarancén et al. 2017). The different post-
translational modification sites, including the predicted
glycosylation and phosphorylation sites (Fig. 1a), suggest
that EgPHI-1 activity may be regulated by phosphoryla-
tion/dephosphorylation promoted by kinases and specific
phosphatases, as reported for the tobacco PHI-1 (Sano et al.
1999).

The identification of known cis-acting regulatory ele-
ments in the promoter region of EgPHI-1 (Fig. 1b) provided
important clues about its regulation and function. These
results suggest that EgPHI-1 is involved in ABRE-dependent
ABA perception and signaling (Xiong and Zhu 2003), as
reported for tobacco PHI-1 (Sano and Nagata 2002) and
Arabidopsis EXO (Lisso et al. 2013) and EXL2 (Taranc6n
et al. 2017), and auxin and cytokinin signaling pathways
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Fig.4 Stem anatomy of transgenic tobacco expressing EgPHI-I.
a Stem cross section of transgenic (L1, L2 and L3) and WT plants
grown for 90 days under greenhouse conditions. The cross sections
were stained with 1% (v/v) astra blue and 1% (v/v) safranin, spe-
cific dyes for cellulose and lignin, respectively. The double staining
cross sections were viewed under a light microscope. VC, vascular
cambium; V, vessels; X, xylem; F, fibers; P, phloem. Magnification
bars represent 100 um. b Fiber length. Fibers were obtained from
stem samples (third internode from the apex) of plants grown for
90 days in a greenhouse by the chemical maceration method. Macer-
ated material was washed and stained with 1% (v/v) safranin. Fiber
slides were viewed under a light microscope. Bars represent the
mean =+ SE of the three technical replicates (n=135). Bars represent
the mean + SE of the three replicates (n=30). Statistically significant
difference at P <0.01 (**) and P <0.001 (***) between the transgenic
and WT plants are indicated

via ARF (Roosjen et al. 2018) and ARR-B (Argyros et al.
2008), respectively. The presence of MBS and MRE also
suggests that EgPHI-1 is regulated by transcription factors
of the MYB family (Dubos et al. 2010), which have been
implicated in regulating the secondary growth in Arabidop-
sis and the lignification process and flavonoid biosynthesis
in Antirrhinum and other plant species (Tamagnone et al.

@ Springer

a b

Fig.5 Lignin autofluorescence in vessels of transgenic tobacco
expressing EgPHI-1. Lignin autofluorescence in vessels of the base of
petioles of transgenic (L1, L2 and L3) and WT plants. Cross sections
were performed at the petioles of the third fully expanded leaf from
the apex of plants grown for 90 days under greenhouse conditions.
The autofluorescence was detected using 340-380-nm excitation
wavelength and 400-nm barrier filters. a To highlight lignified areas
(blue fluorescence), images were electronically modified (black and
white color). b Magnification bars represent 100 pm

1998; Goicoechea et al. 2005; Zhong et al. 2008; Nakano
et al. 2015; Guo et al. 2017). Other cis-acting regulatory
elements identified suggest that the expression of EgPHI-1
may be under light and circadian control (Saibo et al. 2009)
and induced under anaerobic (Shinozaki et al. 2003) and
heat conditions (Haralampidis et al. 2002), injuries caused
by insects and fungal pathogens (De-Vos and Jander 2009;
Wang et al. 2011) and salicylic acid (Ohtake et al. 2000).
The presence of cis-elements regulated by light, circadian
cycle and anaerobic conditions was also reported in the pro-
moter region of EXLI, which was found to be expressed
especially under conditions of low irradiance, prolonged
darkness and anoxia (Schroder et al. 2011, 2012).

EgPHI-1 expression was upregulated by NAA, kinetin,
wound and drought (Fig. 1¢). These results are consistent
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Table 1 Lignin and cellulose Plant Line Total lignin6 Cellulose® Hemicellulose® Cellulose/ Hemicel-
contents in stem of WT and Lignin lulose/Cel-
transgenic plants lulose

WT 14.8+0.1 32.4+0.1 16.33+0.05 2.19 0.50

L1 15.0+0.1 30.9+0.1%** 17.63 £0.16%** 2.06 0.57

L2 13.9+0.2%%* 30.9+0.1%** 16.25+0.20 222 0.52

L3 14.5+0.1 31.6+£0.1%%* 16.43+0.14 2.18 0.52

Data are the mean + SE of three independent experiments. Statistically significant differences at P <0.001
(***) between WT and transgenic plants. & % of dry stem weight
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Fig.6 UV absorbance spectra of the lignified cell walls of fibers (a)
and vessels (b) of WT and transgenic (L1, L2 and L3) tobacco plants
expressing EgPHI-1. At least 20 spectra were recorded from fibers
and 10 from vessels, from three biological replicates of each WT and
transgenic line. The spectra average is shown in this figure. Standard

with the presence of the cis-elements ARF, ARR-B and
ABRE found in its promoter region (Fig. 1b). Auxin and
cytokinin are considered essential for early xylem differen-
tiation during both normal development and wounding (Ye
2002; Pesquet et al. 2005; Turner et al. 2007). Wounding
treatment further confirmed that EgPHI-1 is a wound-induc-
ible gene. Upregulation of EgPHI-1 by drought also suggests
its involvement in mechanisms of abiotic stress response and
tolerance, likely via an ABRE-dependent signaling pathway
(Yamaguchi-Shinozaki and Shinozaki 2006; G6mez-Porras
et al. 2007; Fujita et al. 2011). Such hypothesis has been
further confirmed by Sousa et al. (2014), using the same
EgPHI-I-overexpressing transgenic tobacco lines, which
exhibited enhanced tolerance to osmotic stresses induced
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deviations, calculated from the absorbance values measured at wave-
length of 280 nm, were 5% and 4% for fiber and vessel cells, respec-
tively. Statistically significant differences at P <0.05 (¥) and P<0.01
(**) between the transgenic and WT, at the wavelength of 280 nm,
are indicated to fibers (c) e vessels (d)

by NaCl, PEG and mannitol. Besides, the induction of BiP
gene expression observed in the EgPHI-1-overexpressing
transgenic plants also evidences that this gene may modu-
late plant stress response via the unfolded protein response
(UPR) (Sousa et al. 2014).

The PHI-1 domain present in EgPHI-1 is a long and
structurally conserved region that identifies the PHI-1/EXO/
EXL protein family and whose function and mechanism of
action have not been clarified yet. However, members of this
family have been implicated in processes of cell expansion
and proliferation (Farrar et al. 2003; Schroder et al. 2009,
2011, 2012). EgPHI-1 has significant similarity to tobacco
PHI-1 (Sano and Nagata 2002) and Arabidopsis EXO/EXL
(Schroder et al. 2009), and our phylogenetic analysis showed
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Fig.7 Fibers of stem xylem of WT and transgenic tobacco plants
expressing EgPHI-1. Fiber selected from a control WT plant (a) and
an L2 transgenic line (b). UV scanning profiles of lignin distribu-
tion in individual fibers of stem xylem of WT (c) and L2 transgenic
plants (d). Histograms of lignin distribution in fibers of stem xylem
of WT (e) and L2 transgenic plants (f) according to absorbance inten-
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that it belongs to the large orthologous group of proteins that
includes these characterized tobacco and Arabidopsis PHI-1/
EXO/EXL proteins and close orthologues of grape and rice
(Fig. 2a). Thus, EgPHI-1 represents an Eucalyptus member
of PHI-1/EXO/EXL protein family with functions or mode
of action that may be similar, at least in part, from the previ-
ously characterized members of this family.

EgPHI-1 expression in tobacco promoted significant
changes in the growth of transgenic plants, which included
alterations in height and leaf number, area and biomass, and
root system volume and biomass (Fig. 3). Although we are
not able to rule out completely that uidA gene expression
may at least partially account for these observed phenotypes,
since endogenous plant beta-glucuronidase (GUS) expres-
sion and activity have been associated with cell growth
(Sudan et al. 2006; Eudes et al. 2008), to our knowledge
and experience, this seems to be unlikely because we have
not found any evidence of such an association between cell
growth and uidA expression in the literature, nor was it
observed in any of our other experiments with transgenic
plants overexpressing uidA. Our results are consistent with
the previously reported role of PHI-1/EXO/EXL in control-
ling cell division, differentiation and expansion and shoot
and root growth (Sano et al. 1999; Sano and Nagata 2002;
Farrar et al. 2003; Coll-Garcia et al. 2004; Schroder et al.
2009).

Measurements of dry weight indicated that EgPHI-1
expression changed the biomass partitioning (Fig. 3i), which
was preferentially allocated to shoots at the expense of root
allocation. These results contrast with those observed for
EXO of Arabidopsis, in which its overexpression promoted
both shoot and root growth (Schroder et al. 2009). EgPHI-
1 expression enhanced leaf biomass and number of leaves
per plant, but reduced leaf area, suggesting an increase in
leaf density. This is further supported by the thicker xylem
SCWs observed in leaves of the transgenic plants (Fig. 5).
The higher root system volume exhibited by transgenic
plants also indicates the presence of thicker roots.

The observed changes in the anatomy of stem and leaf
xylem (Figs. 4b and 5) caused by EgPHI-1 expression indi-
cate an involvement of this gene in xylem fiber length and
SCW properties. Long fibers are desirable in the produc-
tion of strong paper. This is the first report describing the
involvement of a member of the PHI-1/EXO/EXL protein
family in such processes. However, the expression of genes
encoding cell wall-modifying proteins such as KCS1, Exp5,
AGPA4, 6-TIP and WAK-1 was reported to be EXO depend-
ent (Coll-Garcia et al. 2004; Schroder et al. 2009). It is
believed that the EXO protein promotes cell expansion via
the modulation of the expression of this set of genes (Far-
rar et al. 2003; Coll-Garcia et al. 2004). KCS1 is a protein
involved in wax biosynthesis (Todd et al. 1999), while Exp5
is an expansin involved in cell wall loosening and break of

non-covalent bonding between cellulose and hemicellulose
(Cosgrove 2005). AGP4 is an extracellular arabinogalactan
protein that has been implicated in many plant growth and
developmental processes (Steinmacher et al. 2012). On the
other hand, 8-TIP protein is a plant aquaporin that changes
the membrane water permeability (Forrest and Bhave 2008).
In turn, WAKI is a transmembrane protein containing a
cytoplasmic Ser/Thr kinase domain and an extracellular
domain that interacts with cell wall pectins, playing a role
in development and cell expansion (Decreux and Messiaen
2005). The relationship between EgPHI-1 and these cell
wall-modifying proteins, if any, remains to be examined in
future investigation.

The cell wall is composed mainly of lignin, cellulose and
hemicellulose, and the proportions of these compounds are
considered to be critical to SCW formation and determi-
nation of the properties of plant fibers (Cook et al. 2012;
Meents et al. 2018). Our data show that the EgPHI-1 over-
expression reduces the cellulose content in stems (Table 1).
However, the proportions of cellulose/lignin and hemi-
cellulose/cellulose were not significantly affected in the
transgenic plants, possibly as the result of a compensatory
mechanism to maintain the appropriate proportion among
these compounds and the cell wall integrity, as previously
proposed (Hu et al. 1999). For instance, L1 transgenic plants
showed a decreased cellulose/lignin proportion in compari-
son with WT, but a compensatory increase in the hemicellu-
lose/cellulose ratio (Table 1). Variations in the hemicellulose
composition (xylan and arabinosyl groups), but not in its
content, were also observed in some transgenic lines (Suppl.
Table S1). Xylan is the main SCW hemicellulose and its
level influences pulping properties, since it affects the del-
ignification process (Bindschedler et al. 2007). On the other
hand, arabinosyl increases the flexibility of cell walls (Jones
et al. 2003). The increased extractive contents in stems of
the transgenic lines may be the result of an increase in the
content of waxy materials and low molar mass aromatics
(Aharoni et al. 2004). It has been proposed that the lignin/
cellulose reduction may cause a change in carbon flow that
is directed towards the biosynthesis of other constituents of
primary or SCWs (Ye 2002).

UV microspectrophotometry enabled us to determine the
lignin content and distribution within individual cell wall
layers of specific cell types. Two transgenic lines showed
lower UV absorbance on S2 layers of fiber and vessel SCWs
at 280 nm (Fig. 6). The UV spectrum from the SCW of
the vessels from L3 presented a shoulder at 315 nm, sug-
gesting the presence of alpha—beta unsaturated structures in
the lignin, usually assigned to the presence of non-polym-
erized residues of the lignin precursors (Fig. 6b). In grasses,
this absorption band has been assigned to the presence of
hydroxycinnamic acids linked to hemicellulose and/or lignin
(Siqueira et al. 2011). Softwood lignin, like that found in
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tobacco, presents absorption maximum at 280 nm and the
reduction in absorbance values observed in transgenic lines
suggests that the expression of EgPHI-1 may modify the
lignification in both cell types.

UV scanning profiles revealed differences in the topo-
chemical distribution of lignin in fibers of the WT and L2
transgenic plants. Although the areas of higher and lower
lignin contents were virtually the same in both plants, with
compound middle lamella and cell corners exhibiting the
highest absorbances and SCW the lowest, the lignifica-
tion distribution seems to be distinct between WT and L2
(Fig. 7). WT plants showed an apparently uniform pattern
of lignin deposition, whereas a more diffuse lignification
pattern was observed in L2. The compound middle lamella
has been observed to show much higher lignin concentra-
tions than the S2 layer. For instance, in angiosperms, the
lignin concentration in compound middle lamella comprises
approximately 40% as compared with 19% and 25% of the
S2 layers of fibers and vessel elements, respectively (Don-
aldson et al. 2001).

Conclusion

EgPHI-1 represents a member in the PHI-1/EXO/EXL
protein family that plays a role in partitioning of biomass,
elongation of secondary xylem fibers, cell wall thickening
and composition, and lignification. EgPHI-1 may act on
signaling pathways that control cell division and differen-
tiation in response to endogenous (i.e., auxin and cytokine)
and environmental (i.e., wound and drought) signals. The
modulation of complex traits such as shoot growth and wood
formation is of special interest for biotechnological applica-
tions in forestry.
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