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FAR-RED ELONGATED HYPOCOTYLSS3 (FHY3) and its homolog FAR-RED IMPAIRED
RESPONSE1 (FAR1), which play pivotal roles in plant growth and development,
are essential for the photo-induced phyA nuclear accumulation and subsequent
photoreaction. The FAR1/FHY3 family has been systematically characterized in some
plants, but not in Eucalyptus grandis. In this study, genome-wide identification of
FAR1/FHY3 genes in E. grandis was performed using bioinformatic methods. The gene
structures, chromosomal locations, the encoded protein characteristics, 3D models,
phylogenetic relationships, and promoter cis-elements were analyzed with this gene
family. A total of 33 FAR1/FHY3 genes were identified in E. grandis, which were divided
into three groups based on their phylogenetic relationships. A total of 21 pairs of
duplicated repeats were identified by homology analysis. Gene expression analysis
showed that most FAR1/FHY3 genes were differentially expressed in a spatial-specific
manner. Gene expression analysis also showed that FAR1/FHY3 genes responded to salt
and temperature stresses. These results and observation will enhance our understanding
of the evolution and function of the FART/FHY3 genes in E. grandis and facilitate further
studies on the molecular mechanism of the FART/FHY3 gene family in growth and
development regulations, especially in response to salt and temperature.
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FIGURE 1 | Phylogenetic tree of FAR1/FHY3 protein sequences in Eucalyptus grandis, Arabidopsis, and poplar. The prefix “Eg,” “At,” and “Ptr” stand for E. grandis,
Arabidopsis, and poplar, respectively. “Group |,” “Group II,” “Group Ill,” and “Group IV” were symbolized by blue, orange, green, and cyan colored arcs, respectively.

the promoter of EgFARI/FHY3 genes were MYB (32), G-box
(31), ARE (29), and ABRE (29). The phytohormone type had
the most cis-acting elements (463), including methyl jasmonate
[MYC (136), TGACG-motif (61), CGTCA-motif (61)], abscisic
acid [ABRE (93)], gibberellin [GARE-motif (10), P-box (16),
TATC-box (13)], ethylene [ERE (31)], salicylic acid [TCA-
element (29)], and auxin [TGA-element (13)]. The number of
cis-elements (398) contained in the stress type was second only

to phytohormone, such as high salt and low temperature [MYB
(119)], low temperature [LTR (25)], defense and stress [TC-
rich repeats (11), STRE (65)], and anaerobic induction [ARE
(58)]. Moreover, a relatively large number of light-responsive cis-
elements were observed, especially G-box and Box-4. Therefore,
the appearance of them indicated that EgFARI/FHY 3s play a key
role in stress response and especially in phytohormone, besides
light responsiveness.
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FIGURE 2 | Chromosome locations of FAR1/FHY3 genes on 11 Eucalyptus grandis chromosomes. The number of chromosomes was displayed at the top of each
vertical line. The position data were shown on the left side of the chromosome and the gene name on the right side. Blue: FAR1/FHY3 Group |; Orange: FAR1/FHY3
Group II; Green: FAR1/FHY3 Group lll; chr: chromosome.

Based on the expression data of FARI/FHY3 family genes in
immature xylem, xylem, phloem, mature leaves, young leaves,
and shoot tips, the expression profiles of FARI/FHY3 genes were
obtained (Figure 7). The results showed that the gene members
of specific FARI/FHY3 group had similar expression patterns
in various parts of E. grandis. For example, most of the Group
III members, such as EgFAR22, EgFAR4, and EgFAR33, were
highly expressed in immature xylem and poorly expressed in
mature leaves. Moreover, the majority of FARI/FHY3 genes in
Group I, for example, EgFARII and EgFAR20, exhibited relatively
higher expression levels in phloem than those in other tissues.
These observations indicated that the gene members in the same
FARI/FHY3 group might have similar expression patterns and
therefore similar functionalities in specific tissues.

In addition, FARI/FHY3 genes may be preferentially
expressed in specific tissues. For example, in mature leaves,
EgFAR21 was highly expressed. In phloem, while the expression
levels of EgFARIO and EgFARI2 were low, the expressions
of EgFARII and EgFAR20 were at relatively high levels. In
shoot tip, EgFAR7 and EgFAR6 had high expression levels.
Furthermore, in xylem, EgFARI and EgFAR31 had a high
level of expressions. Among these FAR/FHY3 genes, EgFARG
and EgFAR7 were highly expressed in shoot tip, indicating
that EgFAR6 and EgFAR7 might play an important role in
the R-light regulation of E. grandis. In general, FARI/FHY3
family genes are expressed in various tissues at various
developmental stages, playing critical roles in plant growth
and development.
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FIGURE 3 | Conserved motifs of FAR1/FHY3 proteins and intron-exon organizations of FAR1/FHY3 genes in Eucalyptus grandis. (A) The phylogenetic tree of
FAR1/FHY3 in E. grandis. (B) The intron—exon organizations of FAR1/FHY3 genes. Blue boxes indicate exons; black lines indicate introns. The length of exons and
introns for each FAR1/FHY3 gene is proportionally displayed. (C) Conserved motifs of FAR1/FHY3 proteins. Motifs with specific colors can be found on the respective
FAR1/FHY3 proteins. The order of the motifs corresponds to their position within individual protein sequences.

The Expressions of Representative
FAR1/FHY3 Genes in Response to Salt and

Temperature Stresses

To investigate the responses of FARI/FHY3 gene family to other
stresses such as salt and temperature stresses, four representative
genes, EgFAR22, EgFAR23, EgFAR29, and EgFAR33, were selected
for transcription observation. Among them, EgFAR22, EgFAR23,
and EgFAR29 were the highly expressed gene in young leaf,
whereas EgFAR33 was poorly expressed. Under 100 mM NaCl
treatment, the expressions of all four selected FARI/FHY3 genes
were significantly increased at 6 h but rapidly declined at
12 h. In contrast, the expressions of EgFAR23, EgFAR29, and
EgFAR33 were all upregulated at 12 h treatment by 200 mM
NaCl. These results indicated that FARI/FHY3 genes were early-
responsive genes under salt stress. Moreover, the response of
those genes was much more sensitive under 100 mM than
200 mM NaCl treatment. Under cold treatment, the expressions
of EgFAR33 were significantly upregulated, whereas those of
EgFAR29 were downregulated at 6 and 12 h. The expression
of EgFAR23 was considerably higher than the control at 6 h,
but this expression difference was diminished at 12 h. Under
heat treatment, although the expression of EgFAR33 showed a
continuous increase tendency from 6 to 12 h, the expressions of
the other three FARI/FHY3 genes decreased at 6 h and increased
at 12 h. Moreover, after 12 h of heat shock, the expressions of four

genes investigated (expecting EgFAR29) were significantly higher
than the control, suggesting the involvement of this gene family
in response to heat shock (Figure 8; Supplementary Table S6).

DISCUSSION

Eucalyptus grandis is a fast-growing evergreen tree belonging to
the Myrtaceae family with a wide-spreading and relatively thin
crown. Usually E. grandis grows 40-55 m high but exceptionally
to 75 m (Myers et al., 1996). Eucalyptus grandis is one of the
most important commercial trees widely used as the sources of
wood, paper materials, and forage. Due to its characteristics of
fast-growing and various usages, E. grandis has become a global
renewable resource of fiber and energy. Eucalyptus grandis also
has strong adaptability, especially to salt and drought stresses,
making it an ideal ecological plant species being planted in a
wide range of areas (Young, 1983; Lahr et al,, 2018; Chen et al,,
2020b). Moreover, its metabolites, for example, terpenes acting
as defensive substance, are now used as unique pharmaceutical
oils. It has been demonstrated that E. grandis has the highest
genes diversity for those specialized metabolites (Ma and Li,
2018). In 2014, the genome of E. grandis was sequenced and
released (Myburg et al., 2014), which facilitated and accelerated
the functional and comparative genomic studies.
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FIGURE 4 | Three-dimensional models of EgFAR1/FHY3 proteins. Blue indicates high quality, whereas red indicates low quality.
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Genetic studies have identified two pairs of homologous genes
essential for phyA signaling: FARI/HY3 and FHY1/HL, which
mediate the light-dependent nuclear accumulation of phyA (Lin
et al., 2007). In model plants Arabidopsis and rice, FHY3/FARI
has been confirmed to be involved in phytochrome signaling
by controlling the phytochrome accumulation through FHY1
(Genoud et al., 2008; Lao et al., 2011). However, the specific
biochemical function of FHY3 and FARI is still ambiguous and
needs to be elucidated (Lin et al., 2007). In this study, genome-
wide identification of FARI/FHY3 gene family was conducted in
E. grandis using bioinformatic methods.

Comparing with the protein sizes and molecular
weights in Arabidopsis, their large difference in E. grandis
(Supplementary Table S2) might suggest new functions different
from their homologies in Arabidopsis. Similar to R2R3-MYB
(Soler et al., 2015), NAC (Hussey et al., 2015), lignin (Carocha
et al, 2015), and FLA (MacMillan et al., 2015) gene families,
it was interesting to observe more FARI/FHY3 members (33)
than Arabidopsis (Figure 1) and 21 pairs of duplicated repeats
(Figure 5), which is common to find duplicated genes in
E. grandis. Moreover, as a Mutator-like transposase-derived
transcription factor, maybe it will accelerate this process partly
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(Hudson et al., 2003; Feschotte and Pritham, 2007; Chae et al.,
2021).

It seems that the segmental duplication (Figure 5) has been
extended to the members of FARI/FHY3 genes in E. grandis, and
mutations in gene structure (Figure 3) may affect the function of
new members (Abdullah et al., 2021; Musavizadeh et al., 2021).
Genome-wide identification of FHY3/FARI family in other plants
has rarely been reported, and the function of FHY3/FARI
genes in other biological processes other than phytochrome

signaling remains to be elucidated (Lin et al.,, 2007). Recently,
several studies indicated multifaceted roles of FHY3/FARI in
diverse physiological and developmental processes, such as
plant architecture and flowering, chloroplast biogenesis and
chlorophyll biosynthesis, circadian clock entrainment, UV-B
signaling, ABA signaling, ROS homeostasis, and programmed
cell death (PCD) (Lin and Wang, 2004; Allen et al., 2006; Li et al.,
2011; Ouyang et al., 2011; Huang et al., 2012; Stirnberg et al,,
2012; Gao et al., 2013; Tang et al., 2013; Kiseleva et al., 2017).
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FIGURE 6 | The numbers of cis-elements in the promoters of EgFART/FHY3 genes.

Studies in Arabidopsis and rice suggested that FHY3/FARIs
control phytochrome accumulation through regulating the
expression of FHYI (Lao et al, 2011). G-box and Box-
4 indicated that the FARI/FHY3 genes in E. grandis might
involve in the photoreceptive response (Figure 6). There was a
link between photoresponse and response to salt/temperature

stress, for example, the EgFAR33 promoter had 3 Box-4s, 3
LTRs, and 5 MYBs (Figure 6) and more importantly, it was
upregulated to salt/temperature stress (Figure 8). However, this
link was ambiguous and needs more research. Fixed growth
of plants forces them to evolve many adapting mechanisms
to environmental stimuli, among which abiotic stresses are
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FIGURE 7 | Tissue-specific expression profiles of FAR1/FHY3 genes in Eucalyptus grandis. Expression profiles of FAR1/FHY3 genes in immature xylem, xylem,
phloem, shoot tips, young leaf, and mature leaf of E. grandis are displayed. Hierarchical clustering of expression profiles of FAR1/FHY3 genes in different tissues and
developmental stages. Red indicates high levels of transcript abundance, whereas blue indicates low levels. The color scale is shown on the right side.
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challenging plants all the time. In the presence of stresses, plants
adjust their growth and development for surviving through
various pathways, such as cell cycle regulation and hormone
regulation. Additionally, the regulation of photosynthesis is
another strategy for plants to respond to stresses. Publicly
available microarray data have shown a significant expression
of FHY3/FARI in response to biotic/abiotic stresses, indicating
some potential functions of FARI/FHY3 genes in plants (Wang
and Deng, 2002; Allen et al., 2006; Stirnberg et al., 2012). High
soil salinity is considered as a major abiotic threat for agricultural
productivity in semi-arid or coastal areas (Espinosa-Ruiz et al.,
1999). Previous studies showed that more than half of C3H,
WRKY, and FARI family genes were upregulated in response
to salt stress, suggesting that these transcription factor families
may participate in salt response and tolerance (Mansouri et al.,
2019). In this study, we investigated the expression profiles
of representative FARI/FHY3 genes after salt treatments and
showed that FARI/FHY3s were a group of the early-responsive
genes in E. grandis under salt treatment. Interestingly, under
200 mM of salt concentration, the relative expression level of the
FARI/FHY3 gene started to upregulate following the treatment
for 12 h (Figure 8), indicating that FARI/FHY3 genes show a
lagged response when plants are treated with a relative stronger
salt stress (Figure 9).

Temperature is another critical environmental factor
regulating plant growth and development (Penfield, 2008).
In the current study, the expression of the most FARI/FHY3
genes did not change significantly in response to the cold
treatment. However, under 40°C heat stress, the expressions of
four FARI/FHY3 genes were significantly increased (Figure 8).
This suggested that the FARI/FHY3 genes might have been
involved in the responses to heat shock rather than the cold
stress, despite of their lagged response under high-temperature
stress. In conclusion, FARI/FHY3 genes in E. grandis showed a
diverse expression in response to abiotic stresses, indicating that
they are involved in different cellular processes and cell signaling
(Faraji et al., 2021; Heidari et al., 2021).

CONCLUSION

In E. grandis, abiotic stresses, especially salt and temperature
stresses, are increasingly affecting wood productivity. Using
bioinformatics methods and expression profile analysis, we
identified FARI/FHY3 genes and showed they were responsive to
salt treatment. In addition, EgFAR33 showed great potential for
understanding on the response to temperature stress. This study
could provide potential to wood yield increase.
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