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Abstract

Forests are not only the most predominant of the Earth's terrestrial ecosystems, but are also the core supply for essential products for human use.
However, global climate change and ongoing population explosion severely threatens the health of the forest ecosystem and aggravtes the
deforestation and forest degradation. Forest genomics has great potential of increasing forest productivity and adaptation to the changing
climate. In the last two decades, the field of forest genomics has advanced quickly owing to the advent of multiple high-throughput sequencing
technologies, single cell RNA-seq, clustered regularly interspaced short palindromic repeats (CRISPR)-mediated genome editing, and spatial
transcriptomes, as well as bioinformatics analysis technologies, which have led to the generation of multidimensional, multilayered, and
spatiotemporal gene expression data. These technologies, together with basic technologies routinely used in plant biotechnology, enable us to
tackle many important or unique issues in forest biology, and provide a panoramic view and an integrative elucidation of molecular regulatory
mechanisms underlying phenotypic changes and variations. In this review, we recapitulated the advancement and current status of 12 research
branches of forest genomics, and then provided future research directions and focuses for each area. Evidently, a shift from simple
biotechnology-based research to advanced and integrative genomics research, and a setup for investigation and interpretation of many
spatiotemporal development and differentiation issues in forest genomics have just begun to emerge.
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Introduction

Forests are the predominant terrestrial component on Earth,
and account for nearly three quarters of the total primary
production of the Earth's biosphere. Global forests generate an
estimated 21.9, 8.1 and 2.6 gigatonnes of net biomass per year
by tropical, temperate and boreal forests, respectively!'l.
Forests can absorb greenhouse gases, mainly carbon dioxide
(CO,), and sequester carbon into wood for long-term storage.
Therefore, they are essential for the Earth's ecosystem and our
living planet by carrying out air purification, ground water
recharge, and climate abnormality control. In addition, forests
play a leading role in the global cycling of energy, carbon,
water and nutrients!?. However, global climate change, or the
long-term shift in temperatures and weather patterns, caused
primarily by the planet’s overall rising temperature since the
pre-industrial period due to the increasing human activities like
fossil fuel burning, threatens the health of forests.

© The Author(s)

Forests are also the core raw sources for many bioproducts,
which include timber, pulp, fuel wood, feedstock, and a variety
of traditional and novel bioproducts. As the world population is
projected to reach 9-10 billion by 2050, demand for forest-
based products will continue to increase rapidly, therefore, the
pressure to protect forests from deforestation and destruction
are mounting up, intensifying the challenge of maintaining the
health of the Earth's biosphere.

One of the strategies to counter the aforementioned cha-
llenges is to increase forest productivity, adaptation, resilience
and sustainability, which requires the development of multi-
faced approaches where forest genomics play a key role3l.
Firstly, genomics-based approaches can significantly increase
the productivity and adaptation directly through modification
of one or multiple genes in tree genomes. Secondly, genomic-
based approaches are particularly instrumental for identifying
the genetic markers and genes for gene pyramiding in mole-
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cular breeding. Therefore, significantly enhancing the efficiency
of conventional breeding in targeting the complex and low
heritable quantitative traits of interest in forest trees. Thirdly,
genomic approaches have great potential to accelerate the
generation of system biology knowledge that are essential for
determination of the optimal strategies and plans for improv-
ing forests. Fourthly, computational genomics provides an
alternate approach to identify genes regulating the complex
traits, enabling gene stacking and genome editing for develop-
ing custom-designed trees for designated uses. Finally,
genomics-based approaches can answer many unique biologi-
cal questions of forest trees, including their unusual reproduc-
tive features, woody and perennial growth habit, and their
mechanisms of adaptation to abiotic and biotic stress!*l.

In this review, we summarized the status, progress and future
directions of multiple facets of forest genomics research, and
hope this review can aid and foster the developments in
genomics to enhance the productivity and sustainability, and
accelerate the domestication of forest trees for combating
climate change and meeting the increasing demands for forest
products caused by the continue explosion of the World's
population.

Wood formation

Environmentally friendly, renewable and sustainable woody
biomass is needed to save humanity from the global climate
crisis. Woody biomass, or xylem cells with thickened secondary
cell walls (SCW), composed of cellulose, hemicellulose (xylan)
and lignin (for a recent review, see Schultz et al.%l), accounts for
about 90% of the total biomass produced on Earth®7, Cellulose
and xylan are polymers of glucose and xylose, respectively, and
lignin is a polymer of phenolic compounds. These three types
of polymers can be utilized to produce not only biofuels but
also various traditional and new materials, such as, bioplastics,
carbon nanomaterials, pharmaceuticals, and various synthetic
materials by using appropriate conversion technology (for a
recent review, see de Vries et al.l8!). Therefore, the utilization of
woody biomass can not only partially replace energy and ma-
terials provided by existing fossil fuels, but also reduce atmos-
pheric carbon dioxide to mitigate the global climate crisis.

Wood is formed by complex but highly organized regulatory
processes that include vascular cambium cell division and
development, and xylem cell differentiation. Extensive studies
have been performed to resolve molecular networks contro-
lling vascular cambium development and xylem cell differenti-
ation, mainly using plant species such as Arabidopsis, Populus,
Eucalyptus, Zinnia elegance, and other species®'"\. For xylem
cell differentiation, vascular-related NAC domain (VND) sub-
family proteins, VND6 and VND7, which are identified as master
regulators for metaxylem (i.e, SCW deposited with pitted or
reticular form) and protoxylem (i.e, SCW with helical form)
differentiation, respectivelyl'?), regulate transcription of SCW
forming genes (e.g., MYB46 and MYB83, a paralog of MYB46)
and programmed cell death (PCD)!'2131, MYB46 and MYB83, the
master regulators of SCW biosynthesis found in Arabidopsis,
regulate directly/indirectly downstream transcription factors
and structural SCW biosynthesis genes in a feed-forward
manner through a highly complex and sophisticated regulatory
network['2131, Recently, it was reported that PtrHB7, a member
of HD-ZIP Il family in poplar, is involved in the auxin-induced
xylem differentiation regulatory network in woody stems('4],
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Cylindrical vascular cambium is a secondary meristem con-
taining bifacial stem cells!’>¢l. Recently, considerable progress
has been made in the molecular understanding of the develop-
ment of vascular cambium, and it has been revealed that the
coordinative regulatory mechanisms, including transcription
factors, peptides and hormones, are all required for this
process!'3171, Both auxin and cytokinin (CK) play pivotal roles in
regulating the initiation and maintenance of procambial cells.
Auxin activates MONOPTEROS (MP), which positively regulates
vascular initial cell divisions through auxin efflux carrier PIN-
FORMEDT1 (PINT) and TARGET OF MONOPTEROS 5 (TMO5)/
LONESOME HIGHWAY (LHW) dimer('8-20], | ONELY GUY 4
(LOG4), a rate-limiting enzyme in CK biosynthesis, is directly
activated by the TMOS5/LHW dimer, and the resulting CK
promotes cell divisions through the DOF transcription factor,
DOF2.1019.211 It has been known that the auxin-signaling IAA12-
ARF5/MP module controls Arabidopsis provascular specification
and patterning22, A similar module (PtolAA9-PtoARF5) was
recently found to operate in auxin-triggered xylem cell
differentiation in Populust'®. In addition to plant hormones,
TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR
(TDIF)-PHLOEM INTERCALATED WITH XYLEM (PXY)-WUSCHEL-
RELATED HOMEOBOX (WOX) signaling module regulates
cambial cell division and radial growth in trees (for a recent
review see Wang et al.l'"l),

Currently, the understanding of the underlying molecular
mechanisms by which the procambium develops into the
vascular cambium is still limited. In this process, the paren-
chymatous cells in the interfascicular region must be differen-
tiated into cambium to connect the fascicular cambium.
Recently, the HD-ZIP Il gene PtrHB4 was found to be involved
in the induction of interfascicular cambial cell division in
Populus stemU'3], Therefore, further analysis of target genes
directly downstream of PtHB4 is expected to provide clues to
this process.

Future research for wood formation may be focused on the
cambium cell identity maintenance, and development and
differentiation process of cambium cells into secondary xylem
and phloem by combining sc-RNA-seq and spatiotemporal tran-
scriptome-based technologies, which allows the determination
of new cell- and tissue-specific regulators during these pro-
cesses. Single cell RNA sequencing (scRNA-seq) has recently
been used to investigate vascular cell specification and differen-
tiation in trees at single-cell resolution using poplar stems(2324],
The advent of spatiotemporal transcriptome technologies, for
example, stereo-seq using nanoball array!?s], will enable the
mapping of spatiotemporal transcriptomic dynamics and
changes during the formation of secondary xylem and phloem,
which will significantly advance our understanding of this
important process.

CRISPR-mediated genome editing provides a
powerful tool for forest tree improvement

With its versatility, high efficiency, and robustness, Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)
biotechnology has emerged as the most widely used genome
editing tool. To date, SRISPR-based technologies have been
harnessed to introduce precise alterations at the target sites in
many given plant species. For recent reviews in forest trees,
seel26:27]),

Borthakur et al. Forestry Research 2022, 2:11



Current status and trends in forest genomics

Genome editing and genetic manipulation of forest trees
have become leading edge research fields. Several types of the
engineered Cas9s have been utilized to establish the CRISPR/
Cas9 application in several forest treesi26-34, Among these,
poplar and eucalypt genomes are the most common and
successful genomes that have been subjected to genome
editing due to well-established Agrobacterium-mediated stable
transformation and abundant genetic and genomic resources
and tools. Nevertheless, there is substantial room for the
improvement of specificity and efficiency in CRISPR-edited tree
experiments, given that the CRISPR toolbox for plant genome
editing has been continuously expanded with unexplored or
newly engineered CRISPR effectors (for reviews, seel35-37), In
addition, versatile methods for targeted insertion or replace-
ment of genes have been demonstrated to improve the effi-
ciency of HDR-mediated precise modification, such as tandem
repeat-HDRE8! and transcript-templated HDRE9.  Morever,
genome editing approaches without introducing DSBs via a
variety of CRISPR-mediated base editing®®! and prime editing
methods have recently been developed®'l. The first cytosine
base editor for conversions of target cytosines to thymines was
designed by the fusion of a nickase Cas9 and a cytidine
deaminase enzymel40:42],

In general, CRISPR-mediated genome editing holds great
potential for genetic engineering of forest trees, studying and
understanding their growth, resilience and adaptation during
climate change. Several studies with genetically-modified or
CRISPR-mediated improvement of wood quality™3], resistance
to pests and diseases!“¥, tolerance to drought®*?, salt and cold
stresses!“l have been conducted in poplar, black locust7],
mulberries*8], and upland cotton trees*d! (for recent reviews,
seel2649,50)) We anticipate that many more CRISPR-based appli-
cations and studies will be performed in the following areas.
Firstly, biological functions of candidate genes from quanti-
tative trait loci (QTL) and association studies or homologous
genes of interest from other plant species can be studied in
loss-of-function mutants. Secondly, functions of allelic variants
even with small effects in association studies can be investi-
gated by precise knock-in CRISPR systems (i.e., HDR-mediated
gene replacement, base editing, and prime editing). Thirdly,
improvement of quantitative traits can be achieved by
simultaneously inserting or exchanging different regulatory
elements (i.e, enhancers and promoters) from functionally
known genes, modulating the expression levels of genes in the
known gene regulatory network as well as fine-tuning
biological pathway switches and rate-limiting enzymes. Lastly,
gain-of-function CRISPRed trees with better resistance to
diseasel*¥ and adaptation enhanced traits can be pursued by
CRISPR-based transcriptional activation of endogenous genes.
Altogether, the robustness of the CRISPR technology allows
researchers in the field of forest genetics and forest tree
breeding to take advantage of innovative ideas from all plant
genome editing projects such as climate-resilient crops and
fruit trees. With the significant and rapid progress in CRISPR
technologies, a new green revolution in forest tree breeding
and conservation with more climate resilient forests might
become reality in the near future.

More recently, new precise DNA base substitutions have
been established (for a review, seel®!), including A-G base
transition’52, C-AB3], and C-G transversion>3-251, Importantly,
using a nickase Cas9 fused to a reverse-transcriptase (RT), the
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prime-editing tools*"l can mediate desired combinations of
deletions, insertions, and base-to-base conversions to replace
the target sequence. The RT is guided by a prime-editing guide
RNA (pegRNA) that is made up of an extended gRNA specifying
the target site and a RT template sequence containing desired
edits. First successful demonstrations of base editing and prime
editing in plant models offer great potential to solve practical
problems for tree breeding by introducing novel quantitative
traits with a gain-of-function mutation657), However, great
challenges remain because many attractive target traits for tree
improvement including tree growth, wood properties, stress
and disease resistance are highly polygenic and under complex
regulation networks. CRISPR-based gene manipulations can
possibly generate unintended consequences due to, for
example, imbalances in the gene interaction networks. These
limitations might be mitigated by CRISPR-based pyramiding of
multiple monogenic traits or polygenic traits, taking advantage
of the robustness, precision and multiplexity of the CRISPR
technology in combination with genetic crosses and marker-
assisted selection. Nevertheless, a wider application of CRISPR-
mediated gene editing in forestry requests a significant impro-
vement of the low efficiency of the CRISPR-based editing tech-
nologies and to overcome the recalcitrance in transformation
and regeneration of many tree species.

Single-cell RNA-sequencing technology and
implication in forest genomics

The development of multicellular plants involves the for-
mation of organs that are comprised of different types of cells
with high heterogeneity. During organ formation, cell fate
determination and differentiation are precisely controlled by
successive transcriptional regulations. However, the cell fate
determination from the cambium to the secondary xylem or
secondary phloem also remains elusive. Since the existing
transcriptome analysis (RNA-seq) can only obtain information
on a whole tissue, it is difficult to distinguish and analyze
different cell types. With the successful isolation of single cells,
scRNA-seq has become a powerful tool to study the gene
expressions for individual cells among a heterogenous tissue.
Because it can classify cells into different groups based on their
types and quantify cell type-specific expression, and also
enables cell trajectory analysis for cell differentiation and
development. Thus, by reconstructing the spatiotemporal
relationship between the cambium and surrounding cells, it is
possible to track the progressive cell fate changes of secondary
xylem and phloem, respectively, and to uncover new key cell
type-specific regulators.

Single cells can be separated by using limiting dilution,
micromanipulation, laser capture microdissection, flow cyto-
metry and microfluidics®8l. In existing scRNA-seq experimental
procedures, thousands of individual cells, upon being isolated
with droplet-based microfluidics®%, can be barcoded to dis-
tinguish transcripts from different cells, allowing a high throu-
ghput gene expression profiling at single-cell resolution(60-62],
Based on the differential gene expression patterns, these cells
can be grouped into different clusters, which can be classified
to specific cell types. The analysis of cell clusters enables to
understand the cell heterogeneity and provides additional
markers for each cell typel®9. Since the cells that are under-
going the transition from one to another state could be
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captured, novel cell types may be uncovered, and using
pseudo-time analysis to make the order between single cells
based on the similarity of gene expression patterns could
deduce the developmental trajectories of the clusters (cell
types). New regulators controlling developmental transition
can be identified, improving the investigation of dynamic
developmental processes.

Microfluidic-based scRNA-seq was first applied in Arabidopsis
roots and showed the feasibility of high throughput scRNA-seq
in plants(®3], Additional scRNA-seq studies in Arabidopsis roots
used either drop-seq®-671 or 10X genomics methods(®® to
provide detailed spatiotemporal information for different cell
types, including the quiescent center that has stem cells, and
reconstruct the continuous differentiation trajectory of root
epidermal, endodermical root hair cells, and other cell types.
scRNA-seq was also applied to rice rootsl697% and other tissues
of plants, including shoot tips, lateral roots, gametophytes,
anthers, etc.’1-811, Compared to these model plant species, the
application of scRNA-seq in trees is limited. The first sScRNA-seq
was performed in the differentiating xylem of Populus alba x
Populus glandulosal?¥. This study profiled 9798 cells and
identified 12 cell clusters, encompassing vessel cells, fiber cells,
ray parenchyma cells, and xylem precursor cells. Further
pseudo-time analysis revealed the differentiating trajectory of
fiber cells, ray parenchyma cells and vessels. Chen et al.l3l
performed scRNA-seq on protoplasts harvested separately from
P. alba var. pyramidalis stem bark and wood. This study also
identified the marker genes for the phloem, and reconstructed
the cell differentiation trajectories for phloem and xylem
development from cambium. The scRNA-seq technique was
very recently used to investigate vascular cell specification and
differentiation in trees at single-cell resolution using poplar
stems[23.24. Compared to spatial transcriptome technology like
Stereo-seq, the information we can obtain from scRNA-seq is
still very limited.

Most of the current studies in plants used protoplasts for
scRNA-seq, which relies on successful protoplast preparation. It
is challenging to isolate high quality protoplasts from the cells
that are located in the inner tissue of an organ and have thick
cell walls, especially in trees. High protoplast preparation
efficiency needs to be improved for some specific tissues and in
most species. Longer incubation times of enzymatic digestions
to remove cell walls may lead to certain changes in transcrip-
tional activity®®2l. Single-nucleus RNA sequencing (snRNA-seq)
can avoid the protoplasting effect, and snRNA-seq protocols
have been established in Arabidopsis and ricel®-88], and
recently in poplar(®, Although it was observed that expression
of fewer genes was captured per cell by snRNA-seq than
scRNA-seq, it is still worth to expand snRNA-seq for other
tissues. The scRNA-seq data can be integrated with other
transcriptome data to explore key regulators and novel
mechanisms. For example, the integration analysis of snRNA-
seq and snATAC-seq elucidated cell-type-specific patterns of
chromatin accessibility for the cell-type-specific markers,
showing that chromatin accessibility can be used as molecular
markers to indicate root hair and endodermal cell develop-
mental states!®3]. Through analysis of single cell transcriptome
overexpression of VND7, MYB46 and MYB83, Turco et al.
identified that other four targets of VND7, but not MYB46 and
MYB83, were involved in VND7-mediated switch of root cells to
xylem cell identity®), Further wide applications of scRNA-seq in
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mutants or transgenics will enhance the understanding on the
transcriptional regulation of a gene of interest. However,
scRNA-seq lacks spatial information, which can be overcome by
combination with the spatial transcriptomel®'92], and this com-
bination has not been reported in plants. Overall, increasing
number of scRNA-seq studies have been performed in plants
and provide insights into the transcriptional regulation of
cellular state during organ formation. It is anticipated that
other analyses, including chromatin immunoprecipitation
(ChIP)-seq, DNA methylation, protein-protein interactions at
single-cell level, will also be achieved successfully in plants in
the near future. The limiting factors for implementation of
scRNA-seq to forest trees include the challenges in target tissue
isolation and removal of cell walls. Compared to other plant
species, both target tissue isolation and cell wall removal in
woody plants are more challenging due to rigidness, and
lignified and thickened cell walls.

Haploid induction and breeding

High-levels of heterozygosity are a significant obstacle for
not only the genome sequencing and assembly but also tree
breeding through inbred lines, which can be used to generate
heterosis through crossing. Although the endosperms origi-
nated from female gametophyte tissue (n) in gymnosperms
seeds and some angiosperm seeds are haploid, the haploid
tissue in a single seed is generally insufficient for extracting
enough DNA for haploid genome sequencing. Generating
inbred lines for creating heterosis through cross-hybridization
takes at least six generations to achieve approximate complete
homozygosity in most agricultural crops. This can take even
more generations and longer time for tree species due to their
higher levels of heterozygosity, long juvenile phases, and long-
generation cycles as well as self-incompatibility. Therefore, it is
practically impossible to implement inbreeding improvement
strategy in trees in the conventional manner. A strategy to
overcome these obstacles is to obtain haploid plants, which
can not only facilitate genome sequencing and assembly but
also generate homozygosity through chromosomal doubling.
Doubled haploid (DH) lines are even better than inbred lines,
and thus can be of great value for tree breeding, genome
sequencing and assembly, and also other genome-based
research.

For agricultural crops, haploids can be induced in natural
conditions or artificially by a physical or chemical treatment.
Spontaneous haploids occurred in many species including
maize, cotton, rice tomato, barley, and brassical®3l. However,
the induction rates are very low in many species, and as a
result, selection of spontaneous haploids from natural popula-
tions is not cost-effective. Subsequently, numerous endeavors
have been made to increase the frequency of artificial haploid
induction. It has been found that a specific maternal or paternal
parent can give rise to a higher induction frequency. For
example, a maize inbred designated as 'stock 6' could generate
3.23% haploids in 10,616 progenies®¥, Hence, selection of
parents that have higher haploid induction frequency was
effective and accelerated maize inbreed line generation. To
date, various techniques have been employed in different plant
species, some of which have been reviewed in several
reviewsl?>-97], One of these technique is distant pollination,
namely wide crossing, which is one of the most effective
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methods for female-derived haploid production. For example,
haploid plants were obtained from Lactuca sativa pollinated
with the pollen from distant species like Helianthus annuus and
H. tuberosus'®8l. The pollen tubes of the distant species may not
release the sperm cells into the ovaries but can stimulate the
development of ovaries into haploid seeds. In addition, the
female-derived haploid induction by pollination with the pollen
pretreated with various physical or chemical agents has also
been used in many species. For example, haploid plants were
obtained by pollination with irradiated pollen in melon®%100, |n
addition, gynogenesis induction by direct in vitro culture of
unfertilized ovaries or ovules is another viable approach for
haploid production for some species, such as cucumber and
red beet!'011021, Moreover, androgenesis induction by anther
culture is one of the more frequently used methods in various
plant species, such as wheatl'%3], cucurbital'®; Cannabis
satival'®l. Those methods that were successfully used in
agricultural crops need to be tested for trees which are mostly
self-incompatible.

To date, some aforementioned approaches have been
adapted or modified to produce haploids in forest trees. For
example, cross-pollination with stress-treated pollen that stimu-
late parthenogenesis for inducing haploid trees; the pollen
grains are often pretreated with physical stresses like high
temperaturel'%], heat('%7], irradiationl'8], or chemical like tolui-
dine bluel'l In addition, the unpollinated ovaries were
reported to develop into haploid poplar trees!''%, which indi-
cates that the female gametophyte and megaspore of
angiosperms can be induced in vitro for sporophytic develop-
ment, thereby creating a new avenue to haploid breeding.
Moreover, the endosperms of most gymnosperms comprise
haploid cells developed directly from the female gametophyte,
and thus can be used to induce haploids directly. For example,
haploid calli have been generated by culturing Taxus chinensis
endosperml''l. Haploid plants of Eucommia ulmoides were
induced via parthenogenesis with heat treatment on female
flower buds during the developmental stage of embryo sac
formationl''2, Anther or pollen culture coupled with plant
hormone treatments under tissue culture conditions was the
most commonly used method in tree species!’’3-116], In con-
trast to a wide variety of crop species that have been subjected
to haploid induction, much fewer haploid tree species have
been generated in vitro because of their recalcitrance to tissue
culture and regeneration. Furthermore, the DH trees generated
from haploids usually show poor vitality and can hardly survive
for more than a few years until they reach flowering age. To
date, no DH population of tree species has been reported to be
established due to poor adaptation caused by high homozy-
gosity. In the future, more efforts should be made to increase
induction efficiency, establish effective procedures that can
facilitate acquisition of a large number of DH lines, and increase
their survival under greenhouse and field conditions. In recent
years, a CENH3-mediated haploid induction system has been
established, which has the potential to be extended to tree
species since CENH3 is universally present in eukaryote
speciesl17-119],

Recalcitrance to genetic transformation and

regeneration in trees

Generation of transgenic trees with new or improved desir-
able traits relies on genetic transformation and subsequent
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regeneration. Transformation of foreign genes for molecular
breeding or gene/genome editing is the key to successful tree
trait improvement. Various transformation protocols including
Agrobacterium-mediated transformation, Polyethylene glycol
(PEG)-mediated direct transfer and biolistic bombardment have
been applied for plants'20 . Among the most widely used is
Agrobacterium-mediated T-DNA transformation which, in
general, has the highest transformation efficiency('2'l. Subse-
quent regeneration is an essential process to recover trans-
genic plants. Callus induction, de novo organogenesis, and
somatic embryogenesis of conventional tissue culture-based
regeneration protocols have been widely developed in
treesl'22l. The earliest reports on transgenic poplar and
European larch trees are dated 19870'23 and 19910124, respec-
tively. Although genetic transformation and regeneration have
been widely applied to many other tree species, the practice for
genetic transformation and regeneration in trees is still largely
restricted to model forest (poplars and Eucalyptus)'251 and fruit
trees!'21.126] and has been rarely applied to industrially impor-
tant trees such as rubber trees!'2”] and conifers!'28] because of
the recalcitrance of transformation and regeneration. Thus far,
the following efforts have been made to overcome recalci-
trance in genetic transformation and regeneration practices.

The most widely employed approach to overcome recalci-
trance is the selection of most amenable genotypes and tissues
such as juvenile leaves, petioles, cotyledons!'29-1331 and the use
of phytohormones!’341351 such as auxin and cytokinin.
Although these approaches work for some species, they have
different effects in different species and have little general
applicability. For example, for Amur cork trees('36-1381 and
willow treesl139140], even the juvenile leaves and stem explants
are recalcitrant to transformation and shoot regeneration, the
shoot apical meristems germinated from the mature seeds
exhibit amenability to transformation and subsequent regene-
ration. In conifers, somatic embryogenesis from the immature
zygotic embryos is the only way to regenerate plantlets!’41.142],
The amenability of explants to genetic transformation and
regeneration differs among explant types (juvenile or mature)
and genotypes; regeneration capacity of explants generally
declines as age increases. Different genotypes have widely
exhibited distinct regenerative responses even in the same
species. Loss of phytohormone responsiveness is a putative
cause for declined regenerative capacity. As plants get older,
the developmental stages and differentiation as well as epi-
genetic modifications deactivate phytohormone responsive-
ness, thereby resulting in different degrees of recalcitrancy('43l,
Some genes that control transformation amenability/regenera-
tion have been identified, e.g. Baby boom (BBM), WUSCHEL,
SHOOT MERISTEMLESS (STM), WOXU144143), and the synthetic
gene for the GROWTH-REGULATING FACTOR (GRF)- GRF-
INTERACTING FACTOR (GIF) chimeric proteinl4®], and these
genes have been used to improve regeneration potential.
Co/pre-transformation has also been reported to boost genetic
transformation and regeneration in trees!'47.148],

In general, phytohormones including auxin, cytokinin, and
abscisic acid trigger signaling events for plant regeneration
which then relieve epigenetic constraints and activates the
above developmental regulator genes to initiate cell-fate
transitions (dedifferentiation) and expression of downstream
genes for plant development - usually the hormone biosyn-
thesis and signaling genes (redifferentiation)!143.149.1501, GRF-GIF

Page 5of 22



Forestry
Research

chimeric protein has recently been highlighted for its capacity
to remove epigenetic regulatory barriers against plant regene-
ration. The expression of developmental genes driving the cell
transition processes for dedifferentiation and redifferentiation
during plant regeneration are strictly regulated by a closed
chromatin state that can be opened by epigenetic factors such
as SWITCH/SUCROSE NONFERMENTING (SWI/SNF) complexes.
GRF and its cofactor GIF form chimera which then can recruit
SWI/SNF complexes to regeneration-related genes to remodel-
ing chromatin structures and states, relieving the constraints
for the transcription of those genes to promote
regenerationl'51],

Owing to the above efforts, genetic transformation and re-
generation have significantly improved; however, the following
questions on recalcitrance remain to be answered:

(1) What are the upstream regulatory genes for the develop-
mental genes that control transformation amenability/regen-
eration including BBM, WUSCHEL, STM, and WOX, and how are
the developmental genes upon a phytohormone treatment
triggered and regulated?

(2) What factors cause loss of phytohormone responsiveness
during aging and how to revert the process?

(3) What are the key factors that determine embryogenic
competence during somatic embryogenesis?

(4) How are the external signals such as stresses and
phytohormones transduced to initiate upregulation of those
factors during somatic embryogenesis?

(5) How does the aging or subculture affect embryogenic
competence of explants?

Providing answers to these questions will significantly ad-
vance our understanding of transformation and regeneration.
Moreover, conventional regeneration protocols based on tissue
culture are laborious and time-consuming, especially for trees
which generally have a longer generation time than crops.
Some scientists have tried to bypass the regeneration process
to circumvent regeneration-recalcitrant issues. For example,
tissue culture-free transformation systems have been estab-
lished in Arabidopsis and tobaccol'>2133], However, these novel
protocols cannot yet completely bypass the tissue culture in
the whole transformation process, and are not yet been applied
to tree species. Overall, the efforts to overcome the recalci-
trancy issue have greatly advanced the genetic transformation
and regeneration in trees, but there is still a long way to go.
There is little evidence that substantiates the molecular
mechanism underlying recalcitrance and further work should
be continued to obtain in-depth insights into the process. It will
be of great significance in gene transformation and regene-
ration practices in trees.

Nitrogen fixing: A special feature of Leucaena-
Rhizobium symbiosis

Legume-Rhizobium symbiosis is a beneficial mutualistic
interaction between legume hosts and compatible rhizobia
that exhibit species specificity. Most current knowledge of
legume-Rhizobium symbiosis has been derived from studies of
nodulation and nitrogen fixation in field legumes, such as
alfalfa, peas, beans, and soybean, and model legume species,
such as Lotus japonicus and Medicago truncatula, through their
interactions with compatible rhizobial’>4. The knowledge of
nitrogen-fixing symbiosis between tree legumes and rhizobia is
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relatively scarce. Moreover, some tree legumes have uncom-
mon features, for example, Acacia koa, a tree legume endemic
to the Hawaiian Islands, produces both root and canopy
nodulation in symbiosis with Bradyrhizobium['%5l. Symbiotic
nitrogen fixation in the tree-legume Leucaena in association
with specific fast-growing rhizobia has an additional feature.
Leucaena produces a toxic compound, mimosine, which is
present in all parts of the plant, including roots and root
nodules. Mimosine is also secreted to the rhizosphere in the
root exudatel’>%l, Rhizobia in the rhizosphere or in the nodule
have to overcome mimosine toxicity. Rhizobia that effectively
nodulate Leucaena degrade mimosine in both rhizosphere and
inside root nodules.

The genes for mimosine degradation have been well-
characterized in Rhizobium sp. strain TAL1145 that effectively
nodulates Leucaena. Mimosine degradation by Rhizobium takes
place in two steps. First, mimosine is degraded to ammonia,
pyruvate and 3-hydroxy-4-pyridone (3H4P) by a C-N lyase,
called 'rhizomimosinase' encoded by the Rhizobium midD
genel157.1581, 3H4P s further degraded to ammonia, pyruvate,
and formate by a dioxygenase and a hydrolase encoded by the
Rhizobium pydA and pydB genes, respectively!'>9. The midD
gene for rhizomimosinase is a part of the midABCD operon,
where midABC encodes three constituent proteins of ABC tran-
sporters: a periplasmic mimosine-binding protein, a permease,
and the ATP-binding protein, for transporting mimosine into
Rhizobium cytoplasm. By constructing several midA:gus,
midC::gus and midD::gus fusions, it was demonstrated that the
midABCD operon is expressed in Rhizobium in the nodule and
also inducible by mimosinel'57l, Similarly, by constructing
midA::phoA insertion mutant derivatives of TAL1145, it was
shown that the midABCD operon expressed in Rhizobium
bacteroids inside the Leucaena root nodules (Fig. 1). The
expression of the midABCD operon is regulated by a positive
regulatory protein encoded by midR, which has high sequence
similarity with the LysR family of positive regulators. In the
rhizosphere, some amounts of mimosine may be degraded to
3H4P, which can be also taken up by Rhizobium using a specific
ABC transporter encoded by pydC, pydD, and pydE genes. The
pydA, pydB, pydC, pydD, and pydE genes are inducible by
mimosine, 3H4P, and several analogs of 3H4PI6],

The ability to degrade mimosine is not essential for forming
nitrogen-fixing nodules on Leucaena. However, mimosine-
degrading ability provides a competitive advantage for nodule
occupancy and efficient nitrogen fixation in Leucaena
nodules!’®l. Mimosine is a bacteriostatic compound and the
mimosine-non-degrading Rhizobium strains, such as CTAT899,
do not have a mimosine-specific ABC transporter. Therefore,
these rhizobia can survive and grow in the Leucaena rhizo-
sphere or inside root-nodules even in the presence of
mimosine. Mimosine chelates Fe3* ions in the rhizosphere by
forming Fe3*-mimosine complexes, thereby depriving these
rhizobia of Fe3* and reducing their growth. On the other hand,
mimosine-degrading strains, such as TAL1145, can uptake Fe3+-
mimosine complexes and utilize them as a source of carbon
and nitrogen. Therefore, they can grow in the presence of
mimosine and occupy nodules more effectively. In the absence
of mimosine-degrading rhizobia, non-degrading rhizobia can
occupy Leucaena nodules. About 40% of Rhizobium isolates
obtained from the nodules of Leucaena growing in several
locations on the island of Oahu contained mimosine-degrading
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Fig. 1

Light microscopy of 20-uM thick sections of 5-week-old Leucaena leucocephala nodules. (a) Induction of alkaline phosphatase activity

in the Leucaena nodule formed by the midA::phoA mutant RUH128 of Rhizobium TAL1145. (b) Another mutant RUH129, in which the phoA
insertion on midA was in the opposite orientation, was used as a negative control. Nodule sections were stained for phosphatase activity.
RUH128 cells inside the nodule expressed phosphatase activity whereas RUH129 cells inside the nodule did not show any detectable
phosphatase activity. Bar represents 400 pM. (c) Schematic of a Leucaena nodule occupied by a Rhizobium strain that degrades mimosine into

pyruvate, formate and ammonia.

rhizobial'6.  Our current understanding of the role of
mimosine-degrading free-living rhizobia in the Leucaena
rhizosphere is depicted in Fig. 2. Leucaena can grow success-
fully even in alkaline soils where iron forms insoluble hydro-
xides, which cannot be taken up by plants. Mimosine, secreted
by Leucaena roots, has high binding affinity for Fe3+ at alkaline
pH, where it forms Fe3*-mimosine complexes that are water
soluble at alkaline pH. Depending on the availability of
mimosine in the soil, three types of Fe3*-mimosine complexes
are possible, where the ratios of Fe3* and mimosine in the
complexes may be 1:1, 1:2, or 1:3B] (see the box in Fig. 2). The
water-soluble Fe3*-mimosine complexes are taken up by
Leucaena roots through transporter proteins belonging to the
oligopeptide transporter family, which includes YSL transpor-
ters. Such an iron uptake system using phytosiderophore and
oligopeptide transporters is common in grasses and is known
as strategy Il of iron uptake. Leucaena also employs strategy | of
iron uptake that involves a membrane-bound ferric chelate
reductase for converting Fe3* to FeZ*, which is then taken up by
the plant through an iron-regulated transporter (IRT). Free-
living rhizobia inhabiting in the Leucaena rhizosphere may also
uptake Fe3+-mimosine complexes and degrade mimosine,
releasing Fe2* to the rhizosphere, where it is taken up by the
plant using an IRT transporter (Fig. 2). Thus, besides providing a
selective advantage to occupy Leucaena root nodules, such
mimosine-degrading rhizobia inhabiting in close proximity of
the Leucaena’s root system, enhance iron availability in the
Leucaena rhizosphere. Future research will apply genome
editing technology to develop new varieties of Leucaena for
regulated expression or inhibition of the mimosine
biosynthesis genes.

Borthakur et al. Forestry Research 2022, 2:11

Genome assembly and evolution

The publication of the genome sequence of the first tree
species Populus trichocarpa in 2006!'62 marked the beginning
of the genomic era of tree species. In the first decade after the
poplar genome was released, a total of 47 tree species were
sequenced. With the technical advantages brought by more
powerful DNA sequencing technology, draft or reference
genomes of 357 tree species, including 266 arboreal, 71 shrub
and 20 vine species, were assembled by the end of February
2022, which accounts for about 36% of all sequenced plants.

The advantage of third-generation long-read sequencing
technology is the key driving force behind the substantial
improvement of genome assembly continuity in recent years.
The contig N50 of published plant genome was increased from
99.5 + 48.1 kb in 2010 to 3,395.2 + 735.4 kb in 2020U'¢3], The
Pacific Biosciences (PacBio) and Oxford Nanopore Technologies
(ONT) are the two mainly long-read sequencing platforms used
in the tree genome project, and to date, the adoption ratio of
PacBio to ONT is five to one. The lower sequencing error rate of
PacBio is the main reason for its preference, especially its
recently updated circular consensus sequencing (CCS) mode
which can generate highly accurate long high-fidelity (HiFi)
readsl'®4. In comparison with continuous long-read (CLR)
mode, the CCS-based assembly is more efficient and time-
saving. It is reported that a 27 Gb-sized hexaploidy coast
redwood (Sequoia sempervirens) has been sequenced and
assembled in only two weeks with a high contig N50 value of
1.92 Mbl'%5], Due to its advantages, CCS will be more widely
applied for tree genome sequencing, especially for giant
genomes and genome phasing.
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Fig. 2 Roles of mimosine and free-living rhizobia in iron uptake by Leucaena. (1) Leucaena root exudates contain mimosine, which chelates
Fe3* to form Fe3*-mimosine complexes (2). Three types of Fe3*-mimosine complexes may be formed depending on the amount of mimosine
available in the rhizosphere (box). The Fe**-mimosine complexes are taken up by Leucaena roots using an oligopeptide-type of transporter (3).
Fe3*-mimosine complexes can also be taken up by mimosine-degrading rhizobia in the rhizosphere using an ABC transporter (4). Rhizobia
degrade Fe3*-mimosine complexes and release Fe?* into the rhizosphere (5). Fe?* is taken up by Leucaena through an IRT transporter (6).

Furthermore, cost and time-effective methods as high
throughput chromatin conformation capture (Hi-C)['¢¢! and
BioNano optical mapping!'®”l have greatly accelerated the
scaffolding of contigs to generate chromosome-level genome
assemblies, especially for forest trees in which building a high-
density genetic map is generally very time-consuming and
labor-intensive.

With these latest technological advances, we now have the
ability to assemble near-complete genomes for any tree
species, including conifers which account for 39% of the world’
s forests but with giant genomes. Recently, based on PacBio
and Hi-C technology, the 25.4 Gb chromosome-level assembly
of Chinese pine (Pinus tabuliformis) was published!'%8! which is
60 times larger than that of the first sequenced P. trichocarpa
genome and represents a new milestone in the development of
forest tree genomics.

Despite the recent progress, forest trees comprise an
estimated ~73,000 species globallyl'®?, Thus the decoded
genomes of 357 tree species merely represent a very small
portion of diverse forest tree species. Moreover, there are still
great challenges for the haplotype-solved assembly of complex
genomes, especially for autopolyploid genomes owing to the
high similarity of their subgenomes!'79, Although several freely
available pipelines including TrioCanul'7" | ALLHiC'72], and
FALCON-Phasel'”3] have been developed for plant genomes
assembled as chromosome-scale haplotypes, only four auto-
ploid genomes, i.e, the sugarcane Saccharum spontaneum
genomes (2n = 8x = 64, 2n = 4x = 40)'74], the cultivated alfalfa
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genome (2n = 4x = 32)['70], and tetraploid potatol'’3! were de
novo assembled at the chromosome level.

In addition to genome sequencing and assembly, the
annotation of gene space has also received more attention.
Recent RNA-seq studies hint that the transcriptomes are often
substantially underestimated, even in the extensively studied
important model organisms like Arabidopsis!'7 and rat (Rattus
norvegicus)l'7’l. Large-scale RNA-seq data of at least a few
hundred samples of different tissues conditions can provide
direct transcript resources and enable an unbiased gene space
annotation with high resolution!'%8l, However, obtaining di-
verse samples including different tissues and various induction
conditions for RNA-seq analysis remains a labor-intensive
challenge.

As more complete and accurate reference genomes become
available, comparative genomics is rising. Due to newly deve-
loped sequencing technologies and updated assembly tools for
producing longer reads and reducing assembly errors, many
previous evolutionary findings are also worth re-examining. As
all earlier draft released gymnosperm genomes reported a
much older LTR outbreaks time which were later found to be
overestimated by fragmented and less accurate assembly!'78l,
In addition, as more genomes of related species become avai-
lable, pangenome-oriented studies are imminent.

Perennial growth and seasonality regulation

Boreal and temperate climates are characterized with annual
alterations of seasons that are favorable (spring and summer)
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and unfavorable or prohibitive (fall and winter) to growth. To
survive the freezing and dehydration stress during fall/winter
months, woody perennials from temperate latitudes tempo-
rarily suspend growth and protect the shoot apical meristem
and the subtending leaf primordia in a specialized organ,
known as the bud. The morphological, physiological and deve-
lopmental processes taking place during this period are known
collectively as dormancy.

Significant progress has been made in understanding the
different stages of dormancy including the transitions from,
and to, active growth. Here we focus only on the genomics
aspects and prospects in forest trees. The molecular mecha-
nisms regulating dormancy in fruit trees and vines, have been
well reviewed!79-187],

Although genomics attempts to study dormancy-related
traits in forest trees were initiated via sequencing expressed
sequence libraries (EST)!"88], it burgeoned only after the sequ-
encing of the first tree genome in 2006!'%21 and subsequently
other forest tree genomesl'89-1931 when these studies were
scaled to the genome-wide level. Most prominently, availability
of genome sequences, enabled for the first-time, a glimpse at
the gene level landscapes of the QTL associated with
dormancy!'94, Candidate genes found within the intervals were
consistent with the molecular studies and pointing to genes
encoding light receptors, circadian clock oscillators and
regulators of the flowering time genes. In addition to QTL
methods, the progress in genome sequencing spurred deve-
lopment of entirely new approaches known as association
genetics and bringing the mapping resolution to the nucleo-
tide level (e.g., single nucleotide polymorphism (SNP))I5,
Similar to the QTL studies, these approaches brought validation
to the molecular studies and also identified new regulators of
unknown functions!'931,

Perhaps the most wide-spread application of genomics
approaches to dissection of dormancy traits is the characte-
rization of transcriptomes associated with different stages.
These were first done using microarrays and more recently by
employing the more advanced RNA-seq technology!'96-204],
Because of the advanced genomics tools and early adoption as
a model for forest tree biology, many of the early and major
transcriptomic characterization of dormancy were undertaken
in poplart196:201.205206] These studies have been expanded into
many forest trees including angiosperms and gymnosperms
and in different continents including North America, Europe
and Asial'96-204], These studies, when focusing on transcription
factors, have employed chromatin immunoprecipitation (ChIP)
to identify the direct targets among the many differentially
expressed genes[207.2081, This has allowed insights into the
hierarchical structure of the underlying networks and has led to
discovery of new key regulatory factors. For example, transcrip-
tion profiling of transgene-modified for the Early Bud Break 1
(EBB1) transcription factor of the AP2/ERF family has led to the
discovery of Short Vegetative Phase-like (SVL) transcription
factor(206], This was later found to be another key regulator of
bud-break and other dormancy stagesi207.208], However,
although the above referenced studies only employed ChlP,
the use of ChIP-seq should further expand the horizon of
studies in this area and realize greater potential.

Role of epigenetics in regulation of dormancy traits is often
speculated but rarely studied. Advances of epigenomics
technologies could potentially address this void, including
characterization of DNA methylation via bisulfide sequencing,
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posttranslational modifications of histones using ChIP-seq and
sequencing of small/non-coding (nc) RNA libraries. However,
these approaches have been rarely applied to dormancy traits.
A notable exception is a study looking at the role of the
DEMETER DNA demethylase on the genome-wide methylation
pattern during the acquisition of growth competence after
chilling and its correlation with transcriptomic changes!2°9. This
study pointed to key genes and processes affected during
reactivation of growth including key regulators of meristem
activity.

Methylation and acetylation marks at specific amino acids of
the histone proteins are important cues regulating gene
expression, and their effects can be studied via ChIP-seq
approaches employing antibodies binding specifically to these
modifications. Although the histone marks at individual gene
loci in forest trees and mostly fruit trees have been
studied219211] a3 genome-wide map through different stages is
still unavailable. Such maps combined with studies on
methylation patterns as referred above can provide significant
insights into the role of chromatin modification in regulating
dormancy.

Small RNAs and ncRNAs have been recently linked to regu-
lation of many processes, including vernalization[2'2, a process
suggested to be regulated in a similar fashion as dormancy!'82,
Roles of these regulatory RNAs and their links to chromatin
regulation are severely understudied in forest trees. miRNAs, a
class of small regulatory RNAs have been linked to the
‘memory’ spruce embryos retain about the temperatures they
experience during their development2'3l, The temperatures at
the time of embryo development can change phenological
traits in one generation and these changes are stable over
many years. For example, high temperatures during embryo
development lead to later growth cessation and cold accli-
mation. It was speculated that epigenetic mechanisms are
responsible and allow a high level of plasticity and adaptation
that does not require lengthy cycles of natural selection.
Sequencing of microRNA libraries have found correlation of the
abundance of these molecules with different stages of this
'memory' acquisition(214-2161,

As genomics technologies become more advanced and
affordable, there will be an even further increase in amount of
genomics data. Although very useful, this data at the moment
is largely descriptive. Development of advanced machine
learning and artificial intelligence algorithms that can take
advantage of this large data and provide insights into the
causality, hierarchy and the regulatory landscape of the
underlying mechanisms are needed.

Application and integration of multi-genomics and multi-
omics approaches are required to provide system level
knowledge of the underlying processes, however, these studies
are still limited20'], Conde et al.2% compared the genes with
differential methylation pattern and changed