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As an important functional organ of plants, leaves alter their shapes in response to
a changing environment. The variation of leaf shape has long been an important
evolutionary and developmental force in plants. Despite an increasing amount of
investigations into the genetic controls of leaf morphology, few have systematically
studied the genetic architecture controlling shape differences among distinct altitudes.
Altitude denotes a comprehensive complex of environmental factors affecting plant
growth in many aspects, e.g., UV-light radiation, temperature, and humidity. To reveal
how plants alter ecological adaptation to altitude through genes, we used Populus
szechuanica var. tibetica growing on the Qinghai-Tibetan plateau. Fg1 between the low-
and high- altitude population was 0.00748, Qg7 for leaf width, length and area were
0.00924, 0.1108, 0.00964 respectively. With the Elliptic Fourier-based morphometric
model, association study of leaf shape was allowed, the dissection of the pleiotropic
expression of genes mediating altitude-derived leaf shape variation was performed. For
high and low altitudes, 130 and 131 significant single-nucleotide polymorphisms (SNPs)
were identified. QTLs that affected leaf axis length and leaf width were expressed in
both-altitude population, while QTLs regulating “leaf tip” and “leaf base” were expressed
in low-altitude population. Pkinase and PRR2 were common significant genes in both
types of populations. Auxin-related and differentiation-related genes included PINT,
CDK-like, and CAKTAT at high altitude, whereas they included NAPS, PIN-LIKES, and
SCLT1 at low altitude. The presence of Stress-antifung gene, CIPK3 and CRPKT in high-
altitude population suggested an interaction between genes and harsh environment in
mediating leaf shape, while the senescence repression-related genes (EIN2 and JMJ18)
and JMT in jasmonic acid pathway in low-altitude population suggested their crucial
roles in ecological adaptability. These data provide new information that strengthens the
understanding of genetic control with respect to leaf shape and constitute an entirely
novel perspective regarding leaf adaptation and development in plants.

Keywords: leaf shape, altitude, QTL, Populus szechuanica, Qinghai-Tibetan Plateau
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Altitude-Responsive QTLs of Leaf Shape

INTRODUCTION

Leaves are the site of plant photosynthesis and are important
for both water balance and temperature adjustment. Considering
these essential functions, leaf shape is an important factor by
which plants maximize their survival (Nicotra et al, 2008;
Moon and Hake, 2011). In response to varying geography
and climate, plant genomes must undergo modification to
develop favorable leaf shapes (Nicotra et al., 2011). As
an influential environmental factor, altitude can significantly
alter variation of plants’ ecological adaptability and result
in the change in leaf morphology (Milla and Reich, 2011),
because it reflects a complex combination of factors (e.g.,
temperature, water, sunlight, and soil fertility). It has been
widely accepted that altitude-determined morphogenetics are
of great ecological and evolutionary importance for studying
mechanisms of shape variation and biological adaptability
(Klingenberg, 2010).

To compare the effects of altitude, using the oak
metapopulation, Firmat et al. (2017) recently investigated
the evolutionary, genetic, and environmental components
of the timing of leaf unfolding and senescence along an
elevation gradient. In seven successive elevation gradients on
the Qinghai-Tibetan plateau, Lu (2017) revealed relationships
among leaf characteristics in Halenia elliptica. The study
revealed gradual alteration of leaf shape, which was accompanied
by changes in photosynthetic pigment content, osmotic
adjustment, and the anti-oxidation system, suggesting that
an active stress response caused leaf shape alteration. Along
global elevational gradients, Midolo et al. (2019) quantified
changes in seven morpho-ecophysiological leaf traits in 109
plant species on four continents. Although altitude is presumed
to influence leaf shape variation, the genetic mechanism
mediating the effect of altitude on leaf shape has been elusive.
Using molecular approaches, the respective leaf shape genes
ANGUSTIFOLIA (AN), ROTUNDIFOLIA3 (ROT3), and
REDUCED COMPLEXITY (RCO) were revealed to regulate leaf
width, length, and affect developing leaflets by repressing growth
at their flanks respectively (Tsukaya, 2006; Bai et al., 2013; Vlad
etal., 2014; Koyama et al., 2017). A module of auxin-PIN1-CUC2
was discovered to affect function in patterning leaf margin
(Bilsborough et al., 2011). However, the studies characterizing
genes responsible for shape morphology have identified their
roles in the context of development; thus, relationships between
shape genes and elevation-caused ecological changes have not
yet been established.

As one of the largest plateaus worldwide, the Qinghai-
Tibetan plateau is a cradle of the planet’s natural wealth
on the earth. The high altitude of the Qinghai-Tibetan
plateau has low temperatures, high UV radiation, and
poor-quality soils, which combine to provide a unique
natural laboratory for studying adaptability and evolution
(Li and Fang, 1999). Trees growing on the Qinghai-Tibetan
plateau face a variety of abiotic stresses; therefore, it is
likely that they have been subjected to a series of adaptive
or evolutionary changes. Genotypes are presumed to differ
with altitude, including differences in leaf morphology.

When performing genetic analyses, leaf shape is regarded
as a quantitative phenotypic trait (Klingenberg, 2010). For
quantitative genetic purposes, the characterization of leaf
morphological variations at different altitudes is important
for understanding a plant’s long-term strategies for adaptation
to environmental pressure (Miles and Ricklefs, 1994). The
complex combination of climatic factors, as well as the
geographical diversity at different elevations,
could have significant potential for the development of
inheritable leaf morphological variation. Therefore, the
association study was performed using natural populations
from different altitudes in this study; this approach offers
a compelling opportunity to dissect the genetic control of
altitudinal expression on leaf morphology. This work can aid in
elucidating connections among shape gene knowledge, ecological
adaptation, and evolution.

For mapping leaf shape QTLs, leaf width, length, and angle
were added to the conventional statistical model (Tian et al.,
2011). To capture precise leaf shape information, leaf outlines
were used based on the geometric morphometrics technique
(Bookstein, 1991; Slice, 2007). The Procrustes alignment method
is an accurate and lossless shape information method that filters
out positional, sized, and rotational effects on leaf shape; it
can fully encode all information that cumulatively influences
leaf shape contouring. The radius-centroid-contour method uses
the length curve of the radius from leaf centroid to all outline
landmarks to obtain the minute contours of shape (Fu et al,
2013). A method uses the Elliptic Fourier (EF) series to enable
accurate measurement of an object’s outline had been developed
recently, which has the inherent advantage of using sparse
parameters to describe shape (Neto et al., 2006; Bo et al., 2014).
The combination of genetic mapping and EF-based geometric
morphometrics supported the development of “shape mapping;
which led to the construction of hpQTL, a computational
platform for mapping heterophylly QTL (Sun et al., 2018). The
development of “shape mapping” has enabled genetic analysis of
the effect of altitude on leaf shape.

To study the altitude-specific variation pattern of leaf
morphology, this study used leaves from Populus szechuanica
var. tibetica, a common indigenous tree species naturally
distributed in the Qinghai-Tibetan plateau of China. The
large elevation distribution on the Qinghai-Tibetan Plateau
(ranging from 1100 to 4500 m, Shen et al, 2014), coupled
with the distribution of P. szechuanica throughout, makes this
species a useful model for studying ecological adaptability
and leaf shape evolution. The objectives of this study were
to (1) use the EF-based shape model to identify QTLs
controlling the overall shape differences between low and
high altitudes; (2) determine how altitude influences the
genetic factors underlying leaf shape; and (3) establish a
link between altitude and the expression of leaf shape QTLs.
By analyzing leaf shape QTLs of P. szechuanica at different
elevations, our work identified key QTLs that relate to leaf
shape variation and ecological evolution; the results offer
new opportunities and novel instrumentation for dissecting
complex traits from the perspective of ecological evolutionary
developmental biology.
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MATERIALS AND METHODS
Mapping Population

Populus szechuanica, one of the Cathay poplar group of species
in the genus Populus, is primarily distributed throughout the
Qinghai-Tibetan Plateau, as well as the Sichuan and Yunnan
Provinces in China. Leaves from trees representing different
elevational populations of P. szechuanica were sampled in
the Sejila mountain range, a provenance site in the Nyingchi
prefecture of the Tibet Autonomous Region. A total of 119
individual trees from high altitude (2600-3090 m above sea level)
and 141 individual trees from low altitude (2000-2300 m above
sea level), as shown in Supplementary Figure S1, were sampled
to construct the mapping population. In July 2012, 5-10 branches
with vigorous growth and thick wood were cut from each tree and
were stored in sand. After 2 years of extensive propagation in a
common nursery (Dayi county, Sichuan Province), new cuttings
of uniform length and diameter were planted in a common
garden experiment in 2015. A mean of >10 clonal replicates were
made for each tree from each population. This created a clonal
line for each of the trees.

Phenotyping and Genotyping

For each clone from each original tree, one or two from each of
the upper, middle, and lower sections of the crown of each clonal
tree were sampled to measure leaf shapes. In total, 5,819 leaves
from lines of the high-altitude group and 10,628 leaves from lines
of the low-altitude group were collected and photographed to
analyze their shapes. Digital images were taken of each leaf using a
pose-fixed camera. The resulting RGB pictures of the leaves were
converted to binary shape images, with white color representing
the leaf area and black color denoting the image. Using a shape
alignment method described by Fu et al. (2013), differences in
the location and rotation of leaf position in the images, as well
as differences in the effect scale due to leaf size, were removed
using an orthogonal Procrustes method (Gower and Dijksterhuis,
2004). Differences in the shapes of leaves from clones in a given
line could occur due to variations in the micro-environment
(i.e., differences within nursery blocks) or due to heterophylly,
which could cause leaves from different sections of the tree to
have different shapes (Winn, 1999). To adjust for the potential
influences of these factors, leaves from all sections of the clones
in each line were used to derive an average shape by calculating
the arithmetic average of each coordinate, along with several
contour landmarks. The appropriate number of landmarks was
determined using the Akaike Information Criterion for all 260
average shapes from plants of both altitude groups. The use of
70 landmarks had the lowest Akaike Information Criterion value.
Therefore, coordinates of 70 landmarks along the boundary of
each average leaf shape for each line, which had equal radii, were
used as the phenotype for further mapping of leaf shape.

For all 260 lines, a genome-wide panel of single-nucleotide
polymorphisms (SNPs) was sequenced by re-sequencing
technology using an Illumina Hiseq™2000 platform. Each
sample was deep sequenced to approximately 20-fold to generate
a total of 13.71 billion raw paired-end reads. After removal of

low-quality reads by filtering, the remaining clean reads were
aligned against a reference genome of Populus trichocarpa,'
deriving a total of approximately 12.76 million high-quality
SNPs. After sequencing and the removal of low-quality sequence,
workflow consisting of 3 major steps was employed: mapping,
improvement and variant calling. For mapping, BWA-0.7.5> was
firstly used to prepare the Burrows Wheeler Transform index
for the reference using the index command, the MEM mode was
applied to align reads to genome, with -R paramter designating
the reference. SAMTOOLS-1.9 version’ used command of
fixmate and sort to order the mapped sequence into coordinate
order within BAM file. For improvement step, all BAM files
from each sample were merged and indexed respectively using
the merge and index function. For the variant calling step,
bcftools mpileup command was used to convert BAM into BCF
file, which contained all genomic positions, using -Ob -f -vimO
z parameter. Variant filtration was performed using bcftools
filter to derive the final VCF file to recode the genotype at
genome-wide level, parameter of -s LOWQUAL -i ‘%QUAL>20’
were set to seperate true SNPs from error SNPs. Using Vcftools
(Danecek et al., 2011), SNPs with a sequencing depth greater
than 12, p-value of Hardy Weinberg equilibrium test greater
than 0.05, minor allele frequency greater than 5%, and a missing
rate and heterozygosity less than 10% were screened for further
association studies. These criteria were satisfied by a set of 81,839
SNPs. For natural population, some SNPs segregated into 2
genotypes, still there were SNPs segregated into 3 genotypes,
but their segregation ratio do not necessarily follow 1:1 or 1:2:1.
Nonetheless, we use “testcross” and “intercross” to refer to these
segregation types, but without considering the segregation ratio.
SNPs of intercross type had 2 homozygous genotypes and 1
heterozygous genotype in natural population, while the testcross
SNPs had 1 homozygous and 1 heterozygous genotype. All SNPs
included 53,094 intercross markers and 28,745 testcross type
of markers. The genotyping data in a format of VCF file were
submitted to the European Variation Archive,* with a project
ID of PRJEB36028.

Population Structure and Calculation of
Fst and QST

FastStructure (Raj et al., 2014) was used to infer population
structure from the large SNP dataset. Combining individual
genotypes from both high- and low- altitude, this software
identified K = 2 as the optimal group number for the whole
population, as likelihood peak can be seen for K = 2 from
Supplementary Figure S2A. All 260 genotypes can be divided
into 2 subgroups. The high-altitude contained 97 and 22
genotypes, forming sub-population 1 and 2, the low-altitude
population contailed 9 and 132 genotypes for sub-population 1
and 2 (Supplementary Figure S2B). Therefore, a total of 106

'https://ftp.ncbi.nlm.nih.gov/genomes/refseq/plant/Populus_trichocarpa/latest_
assembly_versions/GCF_000002775.4_Pop_tri_v3/GCF_000002775.4_Pop_tri_
v3_genomic.fna.gz

Zhttp://bio-bwa.sourceforge.net/bwa.shtml

*http://www.htslib.org

“https://www.ebi.ac.uk/eva
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and 154 genotypes constituted the “real high altitude population”
and “real low altitude population,” with the high- and low-
altitude provenance occupying the ratio of 97/106 and 132/154.
Further association study of shape was based on the two adjusted
sub-populations.

With the normalized morphological shapes, we derived the
detailed shape trait of leaf length, leaf width and leaf area using
the home-made R script. Analysis of variance (ANOVA) were
performed to calculate the within-deme variance (O‘ZGW) and
between-deme variance (céB) for each trait. Equation of Qs =
o0Zp/(0ks 4 20%) was employed to Qgt values with the 3 traits
(Raeymaekers et al., 2007). From all 81,839 SNPs, we selected
68867 neutral SNPs using their genomic position information,
comprising 53063 SNPs locating at intergenic DNA sequence,
15575 SNPs residing at intron region, and 229 synonymous SNPs
at exon region. Based on neutral SNPs, Fst were calculated using
the diveRsity package with R language (Keen et al., 2013).

ANOVA Analysis of Shape Traits

To test the significance effect of altitude, ANOVA analysis was
performed using descriptor of shape, e.g., leaf length, leaf width
and leaf area. For each of the trait, the phenotypic value for
leaf [ of genotype i from the altitude j from tree position k
under block m is expressed as yyjjikm = 1 + & + gjji + Pk + B +
GPLy i + APy + €jjgim.- @i is the ith altitude effect, gj; is the
genetic effect due to the jth progeny nested in altitude i, py is
the position effect due to the kth position on the tree from upper
to lower, B, is the block effect due to the mth block within the
filed of common garden. GPIjy; is the interaction effect between
the jth genotype and kth position given the ith altitude. APIj is
the interaction effect between the ith altitude and kth position.
€ijkim.is the residual. The ANOVA analysis was performed using
aov function in R language.

Framework of the Shape Association

The overall population was presumed to contain ny individuals
from high altitude and n; individuals from low altitude,
all of which were genotyped for a panel of genome-wide
SNPs. Based on geometric morphometrics, the x- and
y-coordinate sequences of shape were used to represent
the phenotypic data. The average shape for each line was
calculated. For each average leaf, a total set of K landmarks
were sampled clockwise at equal angle intervals along the
margin. Let (xHi,}/Hi) = (xgi(1), yai(1); x5 (2), yHi(2); ...
xgi(K), yui(K)) denote the sequence of x- and y-coordinates of
K landmarks for individual i in the high-altitude population.
Let (xri, yri) = (eri(1), yri(1): x1i(2), y1i(2); ...; x1:(K), yLi(K))
denote x- and y-coordinates of K landmarks for individual i
from the low-altitude population. For a given QTL carrying J
genotypes, e.g., QQ, qq, and Qq, the set of landmarks enabled
the construction of the likelihood using multivariate normal
distribution. By referring to geometric methods (Bo et al,
2014), mean vector within density probability of multivariate
normal distribution, equivalent to the shape descriptor, was
modeled by Elliptic Fourier function, the order with which can
be determined by an AIC criterion. The covariance matrix within
the multivariate normal distribution was modeled by using

an autoregressive model to structure the spatial (co)variance
among all K outline landmarks (Zhao et al., 2005). In such
framework, Hy was proposed as no shape difference existed
between genotypes, H; was proposed as the opposite. The test
statistic for this hypothesis was calculated as the log-likelihood
ratio (LR) of the null against the alternative model. The LR
threshold was determined by an empirical approach based on
1,000 replications of permutation tests to derive significant SNPs
(Churchill and Doerge, 1994). The model was implemented using
R language, the code has been attached as an Supplementary
File S1 of Presentation 1.ZIP. The association of leaf area was
performed using TASSEL software (Zhang et al., 2010).

RESULTS
Shape Phenotype

While it differed from the direct collection of leaves from
trees in their natural growing environments, the design of a
common garden plantation ensured a uniform environment
and consistent management of plant growth. As a result of
the homogeneous growth conditions in the plantation nursery,
leaf shape diversity within the sample population reflected
the intrinsic effect of genetic background on leaf shape. After
calculation of average leaf shape, all Procrustes-aligned shapes
(Figures 1A,B) had consistent orientations in both high-altitude
and low-altitude populations. Leaf shape centroids with all 260
lines overlapped to the origin of the coordinate system. The
absence of extraordinarily sized leaf shapes indicated a clear effect
of Procrustes alignment in leaf shape association.

Among all samples, the average leaf shape varied from ovate-
orbicular to ovate-lanceolate. As shown in Figures 1A,B, leaf
shape variation for P. szechuanica was precisely confirmed based
on leaf axis length, leaf width, length to width ratio, and the
region where the broadest region of the leaf was located. For
leaf axis length specifically, longer leaf shapes typically possessed
a less-broad blade base. The broadest region of most leaves
was approximately 1/4-1/3 of the length from the blade base.
Relatively speaking, high-altitude plants yielded a slender and
slightly narrowed blade base, whereas shorter leaves within the
low-altitude population had greater width in the middle-lower
section of the leaf shape (Figure 1C). Statistical analysis revealed
that high-altitude leaves showed a leaf width variance of 0.00906
and leaf axis length variance of 0.000739. Low-altitude leaves
showed a 1.386-fold change in width variance, compared with
that from high-altitude leaves; the on-axis length variance was
similar (0.000833).

ANOVA of Variation on Quantitative
Morphology of Leaf

Outline points along leaf boundary for describing leaf
morphology involve complex statistical issue in dissecting
its variance source, therefore, we switch to use other descriptor
of shape, e.g., leaf length, leaf width, leaf area. To test the
significance effect of altitude, F-value (Table 1) for altitude effect
was 105.834, 107.570, and 117.366 respectively for trait of leaf
width, leaf length and leaf area, all of which had reached to the
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FIGURE 1 | Shape pattern of Populus szechuanica var. tibetica leaves sampled from high and low altitudes in the Qinghai-Tibetan plateau. (A) Denotes the mean
shape of all 119 leaves from high-altitude populations; (B) denotes the mean shape of all 141 leaves from low-altitude populations; (C) shows the comparison of the
mean shape of leaves at the population level. Both shapes from high- and low-altitude populations were corrected by Procrustes alignment.

extremely significant level. However, the statistics of F-value for
altitude were smaller than that of leaf position of growth on the
tree, suggesting the physiologically determined heterophylly of
plant had larger effect than that caused by altitude.

Also, to test the overall genotype effect on leaf shape
respectively nested in different altitude, the integrated model
for dissecting the variance component resulted in an extremely
significance of genotypic effect. Besides the similar result of
significance with heterophylly effect, we observed that block
had non-significant effect on shape, suggesting the clones for

TABLE 1 | Analysis of variance for altitude and genotype effects on leaf shape.

Trait Source F p-value
Leaf width Altitude 105.834 <2e-16
Genotype 52.807 <2e-16
Block 0.815 0.367
Leaf position 150.442 <2e-16
Genotype x Position 0.987 0.617
Altitude x Position 16.300 4.51e-16
Leaf length Altitude 107.570 <2e-16
Genotype 33.042 <2e-16
Block 0.194 0.6596
Leaf position 159.966 <2e-16
Genotype x Position 1.060 0.0838
Altitude x Position 14.514 3.24e-14
Leaf area Altitude 117.366 <2e-16
Genotype 46.323 <2e-16
Block 0.217 0.6412
Leaf position 141.837 <2e-16
Genotype x Position 1.078 0.0373
Altitude x Position 12.523 3.71e-12

distinct genotype in the population didn’t show a significant
difference on shape development. Importantly, the 3 leaf traits
had enlarged F-value of interaction effect between altitude and
leaf position, than that of genotype-by-position, indicating the
potential necessity to explore the force of high-and low- altitude
in evolving ecological adaptation.

Fst Value, Qst Value and Their

Comparison

Using the neutral SNPs from the genome-wide SNP panel, Fsr
value for genetic divergence was calculated. Fsr result between
the high- and low- altitude population was 0.007484551, showing
a very low degree of genetic divergence due to the altitude (Pujol
et al, 2008). Using Fst value, we further derived a value of
33.152 with Nm, using the equation provided by Wright (1951)
that Nm = (1 - Fst)/(4Fst). This high measure had accounted
for the important role of gene flow in replacing genetic drift
for preventing population divergence. The combination of high
gene flow and the low value of Fst suggested that, altitude had
not granted a geographical separation for population divergence
along the mountain. Qs value for leaf width, leaf length
and leaf area were calculated as 0.009243, 0.0110829, 0.009649
respectively. All Qg with the three traits were larger than the Fgsr
value, suggesting there might exist the local adaptation between
the two sub-populations to cause the shape difference of leaf.

Mapping Shape QTLs in High- and
Low-Altitude Populations

To determine the optimal number of EF harmonics, the
goodness-of-fit of EF was analyzed for each harmonic order,
ranging from 0 to 6. As shown in Supplementary Figure S3, with
increased harmonic order, the superimposed ellipses improved
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the goodness-of-fit with leaf shape. Harmonics 1-6 explained
53.7,91.3, 94.9, 97.2, 98.4, and 98.8% of leaf shape information,
respectively. Specifically, the 97.2% of total leaf shape variation
explained by harmonic 4 exceeded 95%. Therefore, harmonic 4
was the optimal order to approach leaf shape vectors, as it was
capable of providing sparse parameters for QTL mapping, laying
a solid foundation for EF-based shape mapping.

Associations between each SNP and all average shapes
provided a plot of log-likelihood ratios, reflecting the significance
of association degree (Figure 2A). As a result of the segregation
of different types with SNPs, we determined the threshold values
for testcross and intercross SNPs by using a permutation test
(Churchill and Doerge, 1994). One hundred and thirty SNPs

were determined to significantly regulate leaf shape variation in
the high-altitude population; these were sporadically distributed
throughout the genome. Nine of 54 testcross SNPs and 28
of 76 intercross SNPs were annotated to functional genes.
Supplementary Table S1 lists detailed information regarding
these SNPs, including their chromosomal position, segregation
type, and functional annotation. Of the annotated SNPs, 6 highly
linked SNPs that were collectively located at LEUCINE RICH
REPEAT (LRR) KINASE genes on chromosome 4 were found to
show association peaks. From chromosome 15, the SNPs within
the PIN-FORMED (PINI) gene and CYCLIN-DEPENDENT
KINASE (CDK)-LIKE gene were found to be significant.
Similar to the identification of the CDK-LIKE gene, one SNP
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testcross and intercross SNPs, respectively, which were determined by 1000 replicates of permutation tests.
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within the CDK-ACTIVATING KINASE gene (CAKIAT) was
mapped from chromosome 18. From chromosome 1, CBL-
INTERACTING PROTEIN KINASE 3 (CIPK3) and COLD
RESPONSIVE PROTEIN KINASE 1 (CRPK1) were identified.
One significant SNP on chromosome 14 and on the scaffold were
annotated as COPI1 and “Stress-antifung.”

For the low-altitude population, the log-likelihood ratio
plot showed 131 significant SNPs (Figure 2B). Based on
their functional annotations (Supplementary Table S2), we
determined common annotations of Pkinase and PPR2. Although
the genomic positions of PPR2 and LETMI differed between
the high- and low-altitude populations, the co-occurrence of
these genes in both populations suggests that they have similar
roles in regulating leaf shape. For clustered distribution of
significant SNPs at chromosomes 1 and 11, we identified
NON-INTRINSIC ABC PROTEIN 5 (NAP5), JUMOJI DOMAIN-
CONTAINING PROTEIN 18 (JMJ]18), and JASMONIC ACID
CARBOXYL METHYLTRANSFERASE (JMT). BHLH?76, IIB, and
IIIC63 belonging to transcription factor genes also regulated leaf
morphology at low altitude. The organ differentiation-related
gene SCARECROW-LIKE! (SCLI), auxin transport gene PIN-
LIKES, and ETHYLENE-INSENSITIVE PROTEIN (EIN2) were
also found to include significant SNPs. The large difference
in annotation results revealed different genetic architecture
controlling leaf morphology between the two altitudes.

Association of Leaf Area and Heritability

We also calculated the shape area by using the normalized leaf
shapes among all 260 lines. The Q+K model for association
analysis of leaf area for the combined population resulted in
279 significant SNPs. As shown in Figure 3, 130 out of them
were annotated to 78 different genes. As compared to genes
discovered in result of shape association, 5 genes overlaped
with the two sets, e.g., the SAGI01, LRR kinase, EIN2, JM]18,

CAKIAT, suggesting the overlapping role of shape in affecting
area. Nevertheless, the rest genes labeled in the manhattan
plot of area trait can further emphasize the other physiological
regulation in determining leaf area.

From the variance component dissection with the association
model, for significant SNPs, the cumulative heritability for leaf
area was 6.916%. The maximum heritability value of single SNP
was observed on 18786027 bp of chromosome 4, explaining
6.652% variance of the area variation. Similarly, the broad-sense
heritability for leaf width and leaf length was 0.263 and 18.38%.

Types of QTL Expression

In high altitude population, by calculating leaf width, length, and
area, we found 130 SNPs in the high-altitude population that
showed an average change of 9.18% based on width between
allelic genotypes; however, an allelic average change of 0.77% was
revealed based on the axis of leaf length. A correlation of 0.9496
was identified between leaf area and leaf width—this indicated
that the longitudinal expansion of leaves occurred allometrically
against the latitudinal direction. For the same population, we
found two different types of variation patterns with all 130
significant SNPs (Figures 4A,B); these showed that leaf shape
differences were narrow vs. broad, and long-narrow vs. short-
broad. For example, in comparison with AA and AG, the GG
genotype at the SNP within the PINI gene displayed the longest
leaf axis and the narrowest leaf width (Figure 4A). The TT, TG,
and GG genotypes with SNPs located at CDK-like genes only
showed differences in width (Figure 4B). We classified these as
“leaf length” and “leaf width” QTLs.

By dissecting shape pattern, along with the aforementioned
“leaf length” QTL and “leaf width” QTL, two additional types of
leaf shape divergence patterns were revealed in the low-altitude
population (Figures 4C,D). Using the SNP at 7,547,290 bp of
chromosome 1 as an example, with the segregating genotypes of
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FIGURE 3 | Manhattan plots of leaf area associations for the combined population. Triangle-shaped dots represent significant SNPs within the functional important
genes.
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FIGURE 4 | Four QTL shape patterns in both high- and low-altitude populations. (A,B) Represent the high-altitude-specific “leaf length” and “leaf width” QTL. (C,D)
Represent the low-altitude-specific “blade tip” and “blade base” QTL.

CC and CG, both were found to have an identical shape feature
at the blade base, and an equal length of leaf axis. Nonetheless,
CG showed an enlarged margin edge at the middle-upper section
of the leaf (Figure 4C); therefore, the expression of the two
genotypes resulted in the “blade tip” QTL. Because genotypes
with the “tip” QTL also showed an identical length axis on
the leaves, segregating genotypes shared the position where the
broadest blade region was located. Traditional methods cannot
identify this type of leaf shape QTL. For the intercross QTL peak
within chromosome 16, the closely linked SNP collection that
included the positions of 1,282,251, 1,282,300, 1,282,031, and
1,285,142 bp showed a “blade base” QTL (Figure 4D). Although
the “blade base” QTL belonged to one class of the “width” QTL,
it was characterized by a perfectly consistent contour of the
blade tip and the differentiated outline of the leaf base among
genotypes. The new identification of “blade tip” and “blade base”
QTLs of low-altitude provenance differentiated and enriched the
pool of shape morphology variation.

Altitudinal Expression of Shape QTL

In terms of a quantifiable leaf shape index, shape area and
width, particular genotypes that incurred significant differences
between the two populations are listed in Supplementary

Table S3. From the union set of significant SNPs from the
two altitude populations, 68 showed a change in leaf width
of at least 10%, with maximum change of 24.52%. We used
the SNP in the PINI gene to explain the genetic effect of leaf
shape pattern, because this SNP was significant at high altitude
(Figure 5A), but was not significant at low altitude (Figure
5B). Both AA (Figure 5C) and GA (Figure 5D) tended to be
stable and similar to each other, regardless of altitude; both
dramatically differed from GG (Figure 5E). The reconstructed
leaf shape that resulted from EF parameters enabled visualization
of the components of leaf shape that differed among the three
genotypes. Notably, comparison of leaf shape effects between
high- and low-altitude populations revealed that GG considerably
altered leaf shape; at low altitude, the width increase was 18.23%
and the area increase was 16.40%. The expression difference
with GG revealed that it caused 0.143% of heritability for
controlling leaf shape at high altitude. Specifically, we identified
reductions of leaf width and leaf area with the genes of PINI,
CDK-like, IIIC63, and Protein kinase at high altitude. For
SNPs within other functional genes (e.g., LRR kinase, NAPS,
SCLI, BHLH76), their genetic effects on shape are detailed
in Table 2. Overall, there was a clear interaction between
QTL and altitude.
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FIGURE 5 | Impact of allelic expression of QTL on the PINT gene. (A,B) Are the shape difference showed by the three genotypes respectively in high and low
altitude. (C-E) Are the genotype-specific shape comparison for the two altitudes. Solid and broken lines indicate shape from high and low altitude.

DISCUSSION

The morphology of a leaf constitutes a significant component
of ‘ideal plant type’ (Mock and Pearce, 1975). In accordance
with Fick’s law, which specifies the substance diffusion rule,
leaf shape affects substance exchange between the leaf and the
outside world. Energy exchange on the blade surface can be
equally affected by shape (Schuepp, 1993; Nicotra et al., 2008; Xu
et al.,, 2009). This indicates that leaf shape plays an important
role in maintaining plant function, as well as in the evolution
of a plant’s environmental adaptability. Changes in photo-
protective strategies, physiology, photosynthetic metabolism, and
anatomical structures of leaves have been studied with respect
to altitude gradients over long periods (Tranquillini, 1964;
Zhang et al., 2017). Because of the potential evolutionary forces
contributing to speciation, the mechanisms by which altitude
adaptation is altered through the genetic architecture of organ
shape have become central issues in morphological biology
(Chitwood and Sinha, 2016).

Altitude is an exceedingly important environmental factor
that influences evolutionary changes. In this study, through
common garden test, we investigated genetic effects on leaf
morphology using natural population comprising high- and

low-altitude samples. Qst - Fst contrast showed three positive
value with leaf length, leaf width and leaf area, suggesting
the potential existence of local adaptation that P. szechuanica
experienced, although Fgr revealed a very low degree of genetic
divergence which can be ignored totally. Our results of shape
dissection differed from studies of phenotypic plasticity, in which
an organism alters its phenotype in response to environmental
change (Schlichting, 1986). Given the two contrasting altitudes,
the phenotypic variations we observed reflected the effects of the
historical accumulation on leaf shape. It provides a new method
to understand how altitude alters plant ecological adaptability
to affect leaf shape through gene action and helps dissect the
mechanisms of ecological adaptation in the context of ecological
evolutionary developmental biology (Premoli et al., 2007).

Given on the accumulative heritability of shape area, width
and length, the large difference between length and the other
two traits (18.38% versus 6.916% and 0.263%) had suggested a
stable expression of length on leaf axis, further indicating the
easily changable trait of leaf width and leaf area relatively. Using
the EF-based shape association model, our study successfully
identified key genes for leaf shape in P. szechuanica. A total
of 130 and 131 significant shape SNPs, respectively, for high-
and low-altitude populations in the Qinghai-Tibetan plateau. Via
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TABLE 2 | Genetic effects of SNPs within annotated genes.

Scaffold Position Gene Full name Gene ID Allele High-altitude Low-altitude Difference (%)
population population
Area Width Area Width Area Width

1 22082784 CIPK3 CBL-INTERACTING PROTEIN KINASE 3 POPTR_0019s08760 GG 1.677 1.107 1.598 1.054 4.96 5.05
1 28403445 SAG101 SENESCENCE-ASSOCIATED POPTR_0001s29790 AG 1.760 1.169 1.644 1.085 7.04 7.72

CARBOXYLESTERASE 101
1 43033561 CRPK1 COLD-RESPONSIVE PROTEIN KINASE 1 POPTR_0001s42950 AG 1.66 1.104 1.585 1.044 5.27 5.69
2 9660163 AR781 AR781 POPTR_0002s13000 T 1.750 1.169 1.625 1.070 7.75 9.30
2 6092252 DIS3L2 DIS3-like EXONUCLEASE 2 POPTR_0002s08690 GG 1.823 1.212 1.598 1.051 14.08 15.33
4 22733081 LRR kinase LEUCINE RICH REPEAT kinase POPTR_0004s24030 TC 1.723 1.136 1.547 1.014 11.38 12.09
12 14701685 LAP1 PROTEIN LAP1 POPTR_0012s15030 CC 1.656 1.096 1.601 1.057 3.43 3.72
14 5416939 COP11 COP9 signalosome complex subunit 1 POPTR_0014s07160 AT 1.733 1.138 1.644 1.084 5.39 4.92
15 4747203 PIN1 PIN-FORMED1 POPTR_0015s04570 GG 1.468 0.964 1.610 1.075 9.64 11.46
15 8379891 CDK-like CYCLIN-DEPENDENT KINASE-LIKE POPTR_0015s07250 TT 1.475 0.970 1.530 1.007 3.75 3.90
18 9890878 CAKTAT CDK-ACTIVATING KINASE POPTR_0018s09000 TT 1.682 1.117 1.611 1.065 4.41 4.89
379 2531 Stress-antifung Salt stress response/antifungal POPTR_0379s00200 TC 1.701 1.129 1.615 1.069 5.33 5.64
1 36327299 NAP5 NON-INTRINSIC ABC PROTEIN 5 POPTR_0001s37340 TT 1.610 1.059 1.478 0.954 8.93 11.08
1 35770384 JMT JASMONIC ACID CARBOXYL POPTR_0001s36950 CC 1.619 1.063 1.444 0.942 12.05 12.90

METHYLTRANSFERASE
2 21186580 BHLH76 TRANSCRIPTION FACTOR BHLH76 POPTR_0002s23650 TT 1.656 1.096 1.455 0.942 13.84 16.38
2 9487450 Protein kinase PROTEIN KINASE FAMILY PROTEIN POPTR_0002s12740 GG 1.656 1.096 1.455 0.942 13.84 16.38
3 18093953 B TRANSCRIPTION FACTOR IIB POPTR_0003s19330 GG 1.581 1.044 1.506 0.987 4.94 5.79
5 20022064 SCL1 SCARECROW-LIKE1 POPTR_0005s20890 CT 1.642 1.081 1.564 1.031 4.97 4.86
6 10067699 EIN2 ETHYLENE-INSENSITIVE PROTEIN 2 POPTR_0006s12900 AG 1.596 1.049 1.542 1.011 3.51 3.79
7 152674 nces TRANSCRIPTION FACTOR IlIC63 POPTR_0007s00430 T 1.620 1.069 1.551 1.023 4.43 4.46
10 11244085 Remorin Remorin family protein POPTR_0010s10830 AA 1.609 1.058 1.402 0.902 14.74 17.28
11 17887288 JMJ18 JUMOJI DOMAIN-CONTAINING POPTR_0011s15840 GG 1.633 1.080 1.523 0.999 7.22 8.03

PROTEIN 18
16 13960977 PIN-LIKES PIN-FORMED LIKES POPTR_0016s14840 GG 1.642 1.086 1.517 1.001 8.23 8.48
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annotation, PINI was found as a known shape determination,
its encoded auxin efflux carrier was involved in the maintenance
of auxin gradients (Wenzel et al., 2010). PIN-LIKES, members
within the same family, are similar to the PIN auxin transporter
(Barbez et al., 2012). NAPS5, the gene that encodes non-intrinsic
ABC protein 5, is responsible for the transmembrane transport
of auxin (Verrier et al., 2008). The exposures of these known
shape genes and the class of auxin transporter gene contributed
to the reliability of our leaf shape mapping results. Among them,
PPR2 and Pkinase were common regulatory genes, indicating that
their shape regulation mechanism partially overlapped at both
altitudes. Specific to low altitude, EIN2 was found to negatively
regulate miR164A, B, and C, thereby affecting leaf senescence in
Kim et al. (2014) study. JM]18, encoding a novel JmjC domain-
containing histone H3K4 demethylase (a homologous member
of JMJI16 within the JMJ family), showed a leaf senescence
repression role in Arabidopsis (Liu et al., 2019).

For the altitude-specific variation of leaf morphology, one
possible explanation might involve the change of jasmonic acid
(JA) regulated by senescence pathway. Since JMJI8 and JMT
were found in JA pathway to cause JA-mediated senescence,
Wingler et al. (2015) reported a statistically significant negative
correlation between higher JA and lower chlorophyll contents,
but only when both temperature treatments were combined.
Therefore, the connection between altitude and shape variation
might be established through JMJ and JMT gene, because
temperature is one of the main factor comprised in altitude.
The significance of these leaf-senescence genes indicated that
senescence-related physiology may contribute to the regulation
of leaf shape at low altitude.

Interestingly, through the annotation of Stress-antifung,
CIPK3 and CRPKI, their importance with Stress-related
functionality and expression in response to stress stimulation
in high-altitude, e.g., the role of the stress-antifung gene in
mediating defense response, as well as the role of LAPI, which
functions to alleviate stress-induced damage (Scranton et al.,
2012). The role of CIPK3 in response to abscisic acid, cold,
drought, high salt and wounding condition might reflect its
significance for plant growth in high-altitude, where these
condition might co-existed (Sanyal et al., 2017). Similarly, the
significant result with cold-stress responsive role of CRPKI
might also represent one special defense to cause shape variation
(Liu et al., 2017). CAKIAT was detected in the high-altitude
population; this gene is annotated as a regulator of cell
differentiation through control of CDK activity (Takatsuka et al.,
2015). Similar to a CDK-like gene, CAKIAT was also included
in the list of significant genes. Our identification of other cell-
differentiation-related genes, such as SCLI, in the low-altitude
population implied a potential interplay between two modules,
i.e., the organ-wide growth-reflecting differentiation and the
local cell division involving leaf edge (Kierzkowski et al., 2019).
Balance among these may generate the morphological diversity
of leaves in high-altitude populations.

Through classification of “leaf length,” “leaf width,” “blade tip”
and “blade base” genes, we discovered the exclusive expression
of “blade tip” and “blade base” genes in the low-altitude
population, which suggested that low altitude can assist a more

tolerant environment for developing diversified leaf shapes. It
also indicated the potential for greater plasticity among trees
that grew in the low-altitude environment. Environmental factors
in Qinghai-Tibetan plateau combines to form a unique case to
study adaptive evolution (Li and Fang, 1999). By inspecting the
impact of altitude on the allelic expression of leaf shape genes, the
study revealed the complexity of the gene-by-altitude interaction,
which denotes one of the G x E phenomena in a biological
system (El-Soda et al., 2014). A comparison of the genotypic
effect on leaf shape between distinct altitudes had minuted what
shape aspects of QTLs that would be evolutionarily different. For
instance, GG within the SNP of PINI produce a longer leaf axis
and narrower lamina for high-altitude populations, which was
consistent with the need for narrower shapes in high-altitude
populations to prevent water loss and to reduce allocation of
leaf mass caused by high light intensity (Gregory-Wodzicki,
2000; Royer et al., 2009; Peppe et al., 2011). The combination
of harsh environmental stresses in Qinghai-Tibetan plateau
potentially subjects individuals to a series of adaptive changes.
Thus, in the context of adaptation, the study provided the
opportunity for in-depth exploration of the relationships between
leaf shape diversity and biological adaptation; these aspects are
linked through particular genes, metabolic clues, and biochemical
pathways that underlie these fundamental issues of adaptation.

DATA AVAILABILITY STATEMENT

SNP typing data was uploaded to European Variation Archive
(EVA) database, with a project ID of PRJEB36028. The web link
is https://www.ebi.ac.uk/ena/data/view/PRJEB36028.

AUTHOR CONTRIBUTIONS

MY performed the data analyses and wrote the manuscript.
L] derived the model. PG and XZ participated in the field
management of experimental materials and led the phenotype
investigation and data collection. RW conceived of the idea of the
overall investigation.

FUNDING

This work was supported by the Fundamental Research Funds
for the Central Universities (No. 2015ZCQ-SW-06), the National
Natural Science Foundation of China (No. 31600536), and the
State Administration of Forestry of China (No. 201404102).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00632/
full#supplementary-material

FIGURE S1 | Sampling sites, showing distributions of high- and low-altitude
populations in Sejila mountain in the Qinghai-Tibetan plateau.

Frontiers in Plant Science | www.frontiersin.org

May 2020 | Volume 11 | Article 632


https://www.ebi.ac.uk/ena/data/view/PRJEB36028
https://www.frontiersin.org/articles/10.3389/fpls.2020.00632/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.00632/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Ye et al.

Altitude-Responsive QTLs of Leaf Shape

FIGURE S2 | Population structures for high- and low-altitude populations. (A,B)
Represent the likelihood change over K's and population structures at high and
low altitudes, respectively. Different colors denote distinct sub-populations; bar
heights with different colors represent membership probabilities of individuals.

FIGURE S3 | Fitting of leaf shape using different harmonic orders of Elliptic Fourier
(EF) parameters. Gray color denotes the true average leaf, while reconstructed
shapes using EF parameters are shown with thick green lines.
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CRISPR/Cas9 gene editing technology has taken the scientific community by storm since
its development in 2012. First discovered in 1987, CRISPR/Cas systems act as an
adaptive immune response in archaea and bacteria that defends against invading
bacteriophages and plasmids. CRISPR/Cas9 gene editing technology modifies this
immune response to function in eukaryotic cells as a highly specific, RNA-guided
complex that can edit almost any genetic target. This technology has applications in all
biological fields, including plant pathology. However, examples of its use in forest
pathology are essentially nonexistent. The aim of this review is to give researchers a
deeper understanding of the native CRISPR/Cas systems and how they were adapted
into the CRISPR/Cas9 technology used today in plant pathology—this information is
crucial for researchers aiming to use this technology in the pathosystems they study. We
review the current applications of CRISPR/Cas9 in plant pathology and propose future
directions for research in forest pathosystems where this technology is
currently underutilized.

Keywords: forest diseases, tree disease resistance, filamentous pathogens, poplar rust, Dutch elm disease (DED),
sudden oak death (SOD), white pine blister rust (WPBR)

INTRODUCTION

Developed in 2012, CRISPR/Cas9 gene editing is relatively new, but research using this technology
has expanded rapidly in most scientific fields with 7,105 publications in 2019 alone (Clarivate
Analytics, 2020). Even though human health and medicine are the most prolific fields, researchers in
plant sciences are also starting to explore the applications of CRISPR/Cas9. The use of CRISPR/Cas9
in plant breeding has sparked interest in the field of plant pathology where disease resistant plant
cultivars are becoming increasingly important. The applications of CRISPR/Cas9 technology in
plant pathology have already been reviewed, especially in the context of agriculture (Langner et al.,
2018; Makarova et al., 2018; Das et al., 2019; Mufioz et al., 2019). However, literature addressing its
applications in forestry is lacking, and we believe this is because CRISPR/Cas9 is currently
underutilized in this field. The purpose of this review is to fill this literature gap while giving
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forest pathologists a deeper understanding of CRISPR/Cas9 and
its potential applications to better understand and manage tree
diseases. We focus on how native CRISPR/Cas systems function
as well as the mechanisms driving CRISPR/Cas9 gene editing
technology as this information is crucial for implementation of
this technology in forest pathosystems.

What Is CRISPR/Cas? A Primer for

Understanding CRISPR/Cas9 Gene Editing
Clustered regularly interspaced short palindromic repeats
(CRISPRs) and CRISPR associated (Cas) proteins, or CRISPR/
Cas, is a bacterial and archaeal DNA-based adaptive immune
system that defends against bacteriophages, plasmids, and other
mobile genetic invaders (Bhaya et al, 2011; Terns and Terns,
2011). The CRISPR/Cas system was first discovered by Japanese
scientists in Escherichia coli (Ishino et al., 1987), but it has now
been found in a large array of prokaryotic species. Among these
species, CRISPR/Cas DNA loci exhibit extensive genetic
diversity, but they all have a common underlying architecture
comprising a CRISPR array composed of direct repeats
interspaced with unique sequences called spacers, which are
derived from foreign nucleic acids; this array is flanked by
associated cas genes organized as an operon (Jansen et al,
2002; Bolotin et al., 2005; Pourcel et al., 2005) (Figure 1A).
These elements of the CRISPR/Cas system work in concert to

direct a three-stage defense response against invading phages and
plasmids (Barrangou et al., 2007; van der Oost et al., 2009)
(Figure 1B). Stage 1 (adaptation) occurs when the bacterial or
archaeal host recognizes a fragment of DNA or RNA from an
invader, named the protospacer (Deveau et al, 2008), and
integrates it into the CRISPR array as a new spacer sequence
(van der Oost et al., 2009). Protospacer selection is dictated by
the presence of highly conserved 2-3 nucleotide regions near the
protospacer sequence called ‘protospacer-adjacent motifs’, or
PAMs (Marraffini and Sontheimer, 2010). Stage 2 (expression)
involves the transcription of the CRISPR array into large RNA
transcripts called precursor CRISPR-derived RNAs (pre-
crRNAs), which are processed into smaller, mature crRNAs by
Cas proteins that are transcribed from the cas genes (van der
Oost et al., 2009). A mature crRNA contains a unique phage-
derived spacer sequence flanked by fragments of its adjacent
repeat sequences from the CRISPR array (Wiedenheft et al.,
2012). Finally, Stage 3 (interference) takes place when a
subsequent attack occurs by the same bacteriophage or
plasmid; each crRNA associates with one or more Cas proteins
to form a crRNA-protein effector complex, which conducts
surveillance of the cell for invading DNA or RNA (Terns and
Terns, 2011). The crRNA acts as a guide for the effector complex
(guide RNA), directing it to create a double-stranded break
(DSB) in the complementary protospacer sequence of the
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FIGURE 1 | (A) A generalized CRISPR/Cas system consisting of a CRISPR array and a cas operon. The CRISPR array is composed of a series of identical repeat
sequences interspaced with unique sequences called spacers, which are derived from the genetic material of invading bacteriophages and plasmids. On the 5’ end
of the spacer/repeat locus is an intraspecies-conserved leader sequence likely involved in transcription of the CRISPR array. Flanking the CRISPR array is the cas
operon, which contains the CRISPR-associated (cas) genes that code for proteins involved in the CRISPR/Cas defense response. (B) The three-stage CRISPR/Cas
defense response. Stage 1, adaptation, occurs when the bacterial or archaeal host recognizes a fragment of DNA or RNA from an invader, named the protospacer,

at the leader end of the array. Stage 2, expression, involves the transcription of

the cas genes into Cas proteins, and the CRISPR array into a precursor CRISPR RNA (pre-crBNA) molecule. The pre-crRNA molecule then gets processed by Cas
proteins into smaller, mature CRISPR RNA (crRNA) molecules. In Stage 3, interference, the mature crRNAs associate with one or more Cas proteins to form crRNA-
effector complexes, which survey the cell for foreign nucleic acids and subsequently cleave them via recognition of the protospacer-adjacent motif (PAM) sequence.
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invader via recognition of the PAM (Terns and Terns, 2011). The
fragmented DNA or RNA can no longer infect the host, thus
completing successful defense by the CRISPR/Cas system. This
highly adaptable nucleotide-based activity is what makes
CRISPR/Cas gene editing technologies, which are designed
from CRISPR/Cas systems, so effective.

How Does CRISPR/Cas9 Gene Editing
Technology Work?

CRISPR/Cas9 gene editing technology is based on the Type II
CRISPR/Cas system from the human pathogen Streptococcus
pyogenes and was developed by an internationally collaborative
research group headed by Jennifer Doudna and Emmanuelle
Charpentier (Jinek et al., 2012). Type II systems are characterized
by the multidomain protein Cas9 (Makarova et al., 2011;
Makarova et al., 2015), which relies on two RNA molecules to
guide it to its DNA target: a trans-activating crRNA (tracrRNA),
and the usual crRNA (Deltcheva et al., 2011; Gottesman, 2011;
Jinek et al., 2012). The tracrRNA is complementary to the repeat
sequences in the corresponding pre-crRNA, and it base-pairs to
those sequences facilitating Cas9 to process the pre-crRNA into a
smaller mature crRNA molecule (Deltcheva et al., 2011). The
tracrRNA, mature crRNA, and Cas9 endonuclease then form an
effector complex and the two RNA molecules guide Cas9 to the
target protospacer sequence of an invader (Jinek et al., 2012).
Cas9 then uses the complementarity between the crRNA and the
protospacer as well as the adjacent PAM to create a DSB in the
target DNA (Jinek et al., 2012). The Doudna/Charpentier
research group developed a single chimeric RNA molecule that
combined the tracrRNA and crRNA, and they demonstrated that
Cas9 can be programmed to cleave any target DNA by changing
only a 20-nucleotide sequence in this single-guide RNA (sgRNA)
(Jinek et al., 2012). Their results were immediately significant for
the scientific community, allowing the editing of DNA in a broad
range of organisms and caused a surge of research in all scientific
fields that continues to this day. Additionally, the original
chimeric S. pyogenes Cas9 technology has served as a model
system from which many different CRISPR technologies
have evolved.

CRISPR/Cas9 Exploits Cellular DNA
Repair Mechanisms to Edit Genes

The success of nuclease-based technologies, including CRISPR/
Cas9, as methods to edit genes relies on the highly conserved
cellular DNA repair mechanisms present in all domains of life.
Cas9 generates blunt-end DSBs at target DNA sites, and there are
two main mechanisms that are triggered in eukaryotic cells in
response to these DSBs: end-joining and homologous
recombination, or homology-directed repair (HDR) (Ranjha
et al., 2018). Both end-joining and HDR involve complex
endogenous systems that can be divided into several sub-
pathways that are triggered under different cellular conditions
and generate very different repaired DNA products (Ceccaldi
et al, 2016; Ranjha et al,, 2018). There are two end-joining
pathways, non-homologous end-joining (NHE]J) and
microhomology-mediated end-joining (MME]), and neither

require a DNA template for repair (Ranjha et al., 2018). These
end-joining mechanisms are highly error prone, often resulting
in insertions or deletions (indels) that create knockout mutants
when they occur in the reading frame of a gene (Bortesi and
Fischer, 2015; Ranjha et al., 2018). Conversely, repairs by the
HDR pathways occur only in the presence of a donor DNA
template containing regions homologous to the sequences
surrounding the DSB induced by Cas9 (Bortesi and Fischer,
2015). The HDR pathway is more precise than the end-joining
mechanisms, and thus can be used for highly specific gene
modification or gene insertion. Eukaryotic organisms can use
both homologous recombination and end-joining mechanisms
to repair DNA damage in their cells, but the end-joining
pathways are more frequent because they occur regardless of
the presence of a donor DNA template and can therefore take
place in any stage of the cell cycle (Ranjha et al., 2018). However,
end-joining allows for less control in CRISPR/Cas9 gene editing
due to the randomness of the mutations it induces (Langner
et al,, 2018). The less frequent HDR pathway allows for more
control, but requires a homologous donor DNA template that,
even when present, triggers HDR at a much lower rate than end-
joining (Langner et al.,, 2018). Consequently, researchers wishing
to activate the HDR pathway using CRISPR/Cas9 have the
additional task of designing a homologous donor template that
can be used for recombination at the target DNA site, and they
will likely have to screen larger numbers of transformants to
identify successful HDR candidates.

CRISPR/Cas9 Limitations

The major limitation of using the original S. pyogenes CRISPR/
Cas9 (SpCas9) is the requirement of the PAM sequence adjacent
to the protospacer DNA, which is used by the Cas9 complex in
conjunction with the complementary sgRNA region to recognize
and cleave the target DNA sequence (Jinek et al., 2012). The
SpCas9 complex recognizes the PAM sequence 5'-NGG-3/,
where N represents any of the four nucleotide bases (Jinek
et al, 2012). This three-base-pair sequence is a common
occurrence in most genomes, but its requirement limits the
genes that can be targeted, especially when attempting to study
genes involved in highly specific pathways of interest (Langner
etal, 2018). Additionally, research has shown that CRISPR/Cas9
can recognize alternative PAM sequences, which increases the
likelihood of off-target mutations (Zhang et al., 2014). In
response to this limitation researchers have developed three
new CRISPR/Cas9 systems from Cas9 orthologs in
other bacterial species, each of which recognizes a unique
PAM: SaCas9 from Staphylococcus aureus, StCas9 from
Staphylococcus thermophilus, and NmCas9 from Neisseria
meningitidis (Kleinstiver et al., 2015). In addition, Cas9 protein
variants are being engineered to recognize alternative PAMs
(Agudelo et al., 2020). New CRISPR/Cas nucleases from other
bacterial Type II systems have also been discovered: Casl2a,
which targets DNA, and Casl13a, which targets single-stranded
RNA (Shmakov et al., 2015; Burstein et al., 2017; Koonin et al.,
2017). While bearing some similarities to Cas9, these two
systems use slightly different mechanisms for cleaving target
nucleic acid sequences and processing of pre-crRNA and
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demonstrate advantages over Cas9 for certain applications,
including within plant pathology (Langner et al., 2018).

Another limitation of any CRISPR/Cas technology is the
occurrence of unwanted mutations (translocations, inversions,
large deletions and insertions) resulting from the complex
endogenous pathways that repair the double-stranded DNA
breaks induced by Cas nucleases (Despres et al., 2018; Kosicki
et al,, 2018). Additionally, Cas9-induced DSBs can be toxic to
cells, inducing cell-death pathways and resulting in low
transformation and editing efficiencies (Garst et al.,, 2017; Roy
et al., 2018). To avoid these DSB-related limitations, nuclease-
deficient Cas9 proteins have been engineered and fused to other
proteins such as deaminases and recombinases to achieve base
editing and site-specific recombination (Nishida et al, 2016;
Standage-Beier et al., 2019). However, Cas9 continues to be the
most commonly used CRISPR/Cas technology, has a number of
applications in plant pathology, and is a valuable untapped
resource for forest pathology; it is therefore the focus of the
remainder of this review.

CURRENT APPLICATIONS OF CRISPR/
CAS9 IN PLANT PATHOLOGY

Plant pathogenic viruses, bacteria, oomycetes, and fungi are
natural components of healthy ecosystems, but globalization,
climate change, and mismanagement have led many of these
species to cause emerging infectious diseases (EIDs) that threaten
natural and managed plant ecosystems (Anderson et al., 2004;
Fisher et al., 2012). In the context of agriculture, plant EIDs are
considered a threat to global food security (Pennisi, 2010), and in
forestry they have significant impacts from both economic and
biodiversity conservation perspectives (Anderson et al., 2004;
Fisher et al.,, 2012). Chemical mitigation strategies using
pesticides and fungicides have proven to be inadequate and
environmentally destructive (Andolfo et al., 2016), so research
has turned to genetic strategies: developing disease resistance in
plants and/or engineering avirulent strains of pathogens. The
development of CRISPR/Cas9 as an accurate and versatile gene
editing technology increased the scope of such genetic strategies
and has led plant pathologists to explore its disease-mitigation
applications in both hosts and pathogens.

Using CRISPR/Cas9 to Engineer Disease
Resistance in Plants

To date, most of the CRISPR/Cas9 research in plant pathology
has focused on developing systems in the hosts, namely
engineering disease resistance in agriculturally important
plants. Not surprisingly, the first plants to be engineered using
CRISPR/Cas9 were the model species Arabidopsis thaliana (Feng
et al., 2013) and Nicotiana benthamiana (Nekrasov et al., 2013),
but these were followed almost simultaneously by development
in rice (Feng et al., 2013; Jiang et al., 2013; Miao et al,, 2013),
wheat (Wang et al,, 2014), sorghum (Jiang et al., 2013), maize
(Liang et al., 2014), and tomato (Brooks et al., 2014). The list of
plant species engineered using CRISPR/Cas9 has expanded

rapidly in the last six years, but it has remained in the realm of
angiosperm species important in agriculture; use of this
technology in forest species is largely absent in the literature,
with the one exception of studies developing CRISPR/Cas9
systems in Populus species (Fan et al., 2015; Zhou et al., 2015).

The first CRISPR/Cas9 studies in plants were proof-of-
concept experiments demonstrating the use of this technology
in plants, but many of these species have now been engineered
for resistance to viral, fungal, and bacterial diseases (Das et al.,
2019). Engineering disease resistance in plants using CRISPR/
Cas9 has generally been executed using one of two strategies: the
pathogen-gene approach or the plant-gene approach. The
former involves engineering an sgRNA into the plant
chromosome that directs Cas9 to target a specific pathogen
gene thereby impeding pathogenesis, whereas the latter uses an
sgRNA that targets endogenous plant genes involved in pathogen
interactions and modifies them to either boost the host immune
response, or to interfere with the host-recognition pathway of the
pathogen (Makarova et al., 2018).

Pathogen-Gene Approach

The pathogen-gene approach is best demonstrated with plant-
virus pathosystems. CRISPR/Cas9-mediated virus resistance is
most commonly tackled via a transgenic approach whereby a
viral DNA sequence is used to design the sgRNA and is
transformed into the plant genome with the CRISPR/Cas9
system (Ali et al, 2015; Ali et al, 2016; Zhang et al., 2018).
This induces a response remarkably similar to that of the native
CRISPR/Cas systems in that the plant is able to use its transgenic
sgRNA-Cas9 system to target invading virus DNA, RNA, or
mRNA. This approach has been primarily used in the model
species Nicotiana benthamiana (Ali et al., 2015; Ali et al., 2016; Ji
etal., 2018; Zhang et al., 2018) and Arabidopsis thaliana (]i et al.,
2018; Zhang et al., 2018), but it presents an intriguing paradigm
for the use of CRISPR/Cas9 to fortify plant immune systems
against invading pathogens.

Plant-Gene Approach

Engineering CRISPR/Cas9-mediated disease resistance using the
plant-gene approach has mostly focused on targeting plant
susceptibility (S) genes, a diverse group of genes with varying
roles that ultimately render plants more susceptible to invading
pathogens. The proteins encoded by S genes fall into two general
categories: those that act as negative regulators of immunity,
decreasing the plant immune response in certain contexts, and
those that are part of plant development and regulatory
pathways, which are targets for pathogen effector molecules
(Langner et al., 2018). While traditional disease-resistance
breeding has focused on disease resistance (R) genes that
generally involve ‘gene-for-gene’ interactions with pathogens, it
is thought that targeting S genes will yield more stable, broad-
spectrum disease resistance (Pavan et al., 2009). Both R-gene-
and S-gene-based resistance involve complex molecular
pathways that interact with pathogens in different ways, and
the details of these interactions have been reviewed elsewhere
(Dangl and Jones, 2001; Jones and Dangl, 2006; Pavan et al.,
2009; Lapin and Van den Ackerveken, 2013). Engineering
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resistance to viruses with CRISPR/Cas9 using the plant-gene
approach involves designing the sgRNA to target a region of the
plant genome that is used by the virus for replication (Makarova
et al., 2018). This method has been used for disrupting RNA
viruses in both Cucumis sativus (cucumber) and A. thaliana by
targeting the eukaryotic translation initiation factor gene eIF4E
in the plant (Chandrasekaran et al., 2016; Pyott et al., 2016).
However, the plant-gene approach is best demonstrated in
pathosystems involving bacteria, oomycetes, and fungi in
which the proteins encoded by plant S genes are relied upon
by these pathogens for host recognition and immune
suppression. Generating plant resistance in these systems has
predominantly been focused on designing sgRNAs to target S
genes, creating host knockout mutants that the pathogen
effectors have difficulty recognizing (Langner et al., 2018; Das
et al., 2019).

A well-studied S gene system is the mildew resistance locus O
(MLO), which renders both monocot and dicot plant hosts
susceptible to a variety of powdery mildew pathogens. The use
of CRISPR/Cas9 to disrupt the MLO gene has proven to be
effective for evading pathogen effector recognition and
generating disease resistance in these systems. One of the best
examples of this is a study by Nekrasov et al. who used CRISPR/
Cas9 to generate 48 bp deletions in an Mlo gene in tomato plants
(Nekrasov et al., 2017). The CRISPR/Cas9 mutants
demonstrated resistance to the powdery mildew fungus
Oidium neolycopersici without generating any other unwanted
phenotypic effects (Nekrasov et al., 2017). Second-generation
progeny (F1) were then cultivated by selfing the first-generation
resistant mutants (F0), which resulted in the CRISPR/Cas9
transfer DNA plasmid being segregated away (Nekrasov et al.,
2017). The F1 progeny also exhibited O. neolycopersici resistance,
and whole-genome sequencing showed that no off-target
mutations had occurred, and that no transgenic DNA was
present (Nekrasov et al., 2017). A similar study by Wang et al.
generated resistance in rice plants (Oryza sativa) to the rice blast
pathogen Magnaporthe oryzae by using CRISPR/Cas9 to induce
indels in an S gene that encodes proteins involved in sugar
transport (SWEET proteins) (Wang et al., 2016). Wang et al. also
used segregation to create non-transgenic, disease-resistant F1
progeny that exhibited all the desirable phenotypes from the
wild-type plants (Wang et al., 2016). There are now a number of
examples of CRISPR/Cas9 S gene mutants with enhanced disease
resistance to various pathogens including: broad virus resistance
in cucumber plants through disruption the eukaryotic
translation initiation factor elF4E (Chandrasekaran et al,,
2016), resistance to bacteria and oomycete pathogens in
tomato plants through deletions in a DMR6 gene (de Toledo
Thomazella et al., 2016), bacterial canker-resistant Wanjincheng
orange plants via mutations in the CsLOBI gene promoter (Peng
et al,, 2017), and powdery mildew resistance in wheat through
Cas9-mediated mutations of the TaEDRI susceptibility gene
(Zhang et al., 2017).

The above studies demonstrate the advantage of using the
plant-gene approach in CRISPR/Cas9 research because the
disruption of these genes with indels and the subsequent

segregation of the transfer DNA results in disease-resistant
plants that do not contain any transgenic material. However,
the backcrossing required to segregate away the CRISPR/Cas9
plasmid DNA is only feasible in annual plants with short life
cycles and is not suitable for perennial crop plants or forest
species (Kanchiswamy et al, 2015). Non-transgenic CRISPR/
Cas9 mutants can also be generated using a plasmid-free delivery
system; this involves designing a pre-assembled enzymatic
ribonucleoprotein (RNP) Cas9-sgRNA complex that is
transfected directly into plant protoplasts. The Cas9-sgRNA
RNP complex can modify the genomic target DNA but is
subsequently degraded by the cell - this results in a disease-
resistant plant mutant that contains no transgenic DNA
(Makarova et al., 2018). These non-transgenic approaches are
especially relevant in plant-based industries where the
introduction of inter-specific transgenes generates public
controversy around genetically modified organisms (GMOs)
and initiates prohibitively strict regulations surrounding the
use of such genetically modified plants. The ability of CRISPR/
Cas9 to generate highly specific disease-resistant mutants that
contain no foreign DNA allows for these plants to be used
outside of the GMO regulatory framework (Kanchiswamy
et al,, 2015; Kanchiswamy, 2016; Makarova et al., 2018). It also
allows specific genetic modifications to be made in the
endogenous genomic context thereby avoiding the random
insertion of transgenes from unrelated species and removing
the risk of any unintended downstream effects from the presence
of foreign DNA (Kim et al, 2014; Kanchiswamy et al., 2015;
Kanchiswamy, 2016).

Using CRISPR/Cas9 to Target and Explore
Genes in Filamentous Plant Pathogens

While the use of CRISPR/Cas9 to engineer pathogen resistance
in plants is a promising approach to mitigating disease
outbreaks, using CRISPR/Cas9 in pathogens is of equal interest
both for the generation of avirulent strains and for increasing our
understanding of how these species interact with their plant
hosts to induce disease. So far, CRISPR/Cas9 research in plant
pathogens has been far less prolific than research on plant disease
resistance, and it has focused primarily on proof-of-concept
experiments in filamentous fungi and oomycetes. The first
successful demonstrations of CRISPR/Cas9 technology in
filamentous fungi were independently published by four
research groups in 2015, who all developed CRISPR/Cas9
systems in filamentous ascomycete species including
Neurospora crassa (Matsu-ura et al., 2015), Pyricularia oryzae
(Arazoe et al., 2015), Trichoderma reesei (Liu et al., 2015), and
multiple Aspergillus species (Nodvig et al., 2015). These studies
used Cas9 genes that were codon-optimized for filamentous
fungi, endogenous promoters for expression of the sgRNA, and
common fungal selection markers. More proof of concept studies
followed and CRISPR/Cas9 was developed in a number of
fungal species including important plant pathogens such as
Ustilago maydis (corn smut: Schuster et al., 2016), Fusarium
graminearum (Fusarium head blight of grain: Gardiner
and Kazan, 2018), F. oxysporum (Fusarium wilt disease:
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Wang et al., 2018), and Sclerotinia sclerotiorum (white mold: Li
et al.,, 2018). The first CRISPR/Cas9 system in oomycetes was
developed in the soybean pathogen Phytophthora sojae; the study
used a Cas9 gene with human-optimized codons fused to the P.
sojae nuclear localization signal (PsNLS) and driven by the
oomycete Ham34 promoter (Fang and Tyler, 2016). CRISPR/
Cas9 has now additionally been developed in P. capsici (Miao
et al., 2018) and P. palmivora (Gumtow et al., 2018). A
comprehensive review of the CRISPR/Cas9 techniques being
used in filamentous fungi and oomycetes has been published
by Schuster and Kahmann (2019); as with the plants, the
CRISPR/Cas9 studies in filamentous pathogens have been
focused on agriculturally important species, with no studies on
forest pathogens reported in our literature search.

Targeting Pathogenicity Genes Using CRISPR/Cas9
The study on S. sclerotiorum by Li et al. (2018) is one of the few
that has used CRISPR/Cas9 to generate pathogenicity mutants in
a fungal plant pathogen. Their gene target was the oxalate
biosynthesis gene Ssoahl, responsible for producing oxalic
acid, which is involved in host tissue colonization by S.
sclerotiorum. Li et al. generated DSBs at multiple Ssoahl target
sites and found that fragments of their Cas9 transformation
plasmid had been integrated into the S. sclerotiorum genome at
the DSB sites; this demonstrated that the transformation plasmid
was not only providing the Cas9 protein and sgRNA molecule,
but also acting as a donor DNA molecule for the NHE] pathway
to repair the Cas9-induced DSB (Li et al., 2018). The Cas9-
generated S. sclerotiorum Ssoahl-mutant strains exhibited
significantly reduced oxalic acid production and reduced
pathogenicity on soybean, Abyssinian cabbage, and tomato
plants (Li et al., 2018). Sclerotinia sclerotiorum is a highly
aggressive, necrotrophic phytopathogen with a very broad host
range, so these results by Li et al. are very encouraging for the use
of CRISPR/Cas9 as a tool for understanding the virulence of
similar plant pathogens. Improved understanding of the specific
modes of pathogenicity employed by different phytopathogens
will subsequently improve management strategies for the
diseases they cause.

An important group of pathogenicity genes are those
encoding the effector proteins secreted by pathogens during
host interactions. Effectors are an extremely diverse group of
molecules and are found in some form in all groups of plant
pathogens; they have a number of functions including facilitating
infection, disrupting the plant immune response, and obtaining
nutrients from host tissues (Toruiio et al., 2016). Their ubiquity,
as well as their dominant role in plant-pathogen interactions,
makes them excellent candidates for CRISPR/Cas9 research. This
was demonstrated by Fang and Tyler in the first study to develop
a CRISPR/Cas9 system in oomycetes; they designed an sgRNA
that targeted the RxLR effector gene Avr4/6 in the soybean
pathogen Phytophthora sojae (Fang and Tyler, 2016). RxLR
effectors are widespread in oomycetes and can enter host cells
and suppress effector-triggered immune responses (Jiang and
Tyler, 2012). They can be detected by the receptors encoded by
plant R genes (Jiang and Tyler, 2012); in soybeans the R genes
involved in recognition of the Avr4/6 effector protein are Rps4

and Rps6 (Fang and Tyler, 2016). Fang and Tyler examined both
the pathogen and host aspects of the P. sojae pathosystem: they
used CRISPR/Cas9 to create five homozygous NHE] Avr4/6
mutants and two homozygous HDR Avr4/6 mutants, and then
assessed the interactions of the P. sojae mutants with soybean
plants both with and without Rps4 or Rps6 resistance loci (Fang
and Tyler, 2016). Their results showed that when inoculated with
P. sojae-Avrd/6 mutants, the Rps4/Rps6 soybean plants were less
able to defend themselves against infection, exhibiting an
impaired immune response (Fang and Tyler, 2016).

The results from Fang and Tyler’s 2016 study demonstrate the
intricacy of plant-pathogen interactions and serve as a reminder
for researchers wishing to use genetic engineering technologies to
develop disease-resistant plants: using CRISPR/Cas9 to target an
effector may impede the pathogen, but it might also have
unintended consequences for the plant host depending on the
recognition pathway associated with the effector. Systems that have
coevolved for millions of years cannot be easily deconstructed, and
if CRISPR/Cas9 is to be used as a tool for mitigating plant disease
outbreaks the complexities of these systems must be considered.
However, CRISPR/Cas9 provides a perfect opportunity to
understand these complex pathosystems, and the study by Fang
and Tyler is an excellent example of the use of CRISPR/Cas9 as a
tool for elucidating the roles of pathogen genes via a functional
genomics approach.

FUTURE PERSPECTIVES FOR CRISPR/
CAS9 IN FOREST PATHOLOGY

Given the large number of studies on CRISPR/Cas9 in plant
pathology and the promises for developing disease resistance, it
is somewhat surprising that there is very little literature in the
area of forest pathology (Figure 2). Forest pathogens are as
devastating as their agricultural counterparts and can cause
landscape level mortality that results in ecosystem-wide
changes; well-known global examples include chestnut blight,
Dutch elm disease, ash dieback, myrtle rust, white pine blister
rust, and sudden oak death. However, disease management
options are more limited in forestry than in agriculture; for
example, the use of fungicides is generally confined to forest
nurseries, with chemicals rarely being applied to trees once they
have been planted. Disease resistance is one of the most
promising avenues to combat forest pathogens, especially given
the large geographical scales that these pathogens can affect.
While there is recognition of the potential applications of
CRISPR/Cas9 for forest ecosystems and a call for the use of
this technology in these systems (Tsai and Xue, 2015; Fernandez i
Marti and Dodd, 2018; Fritsche et al., 2018), no applied studies in
forest pathosystems have been performed.

From the perspective of engineering plant disease resistance,
this lack of CRISPR/Cas9 research in forest species is
understandable for three major reasons. The first is that
conifer species, which dominate forest ecosystems in the
Northern Hemisphere, have significantly larger and more
complex genomes than most agricultural angiosperms. Thus,
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there are far fewer whole genome sequences available (Nystedt
et al., 2013; Neale et al., 2017)—a requirement for CRISPR/Cas9
gene editing in order to design effective sgRNAs and minimize
off-target effects. The second reason is the increased difficulty of
transformation protocols for forest tree species; this requires not
only the transformation of DNA, but also the subsequent
regeneration of the whole plant, which is a more time-
consuming and complex process in woody perennial plants
(Pefia and Seguin, 2001; Fernandez i Marti and Dodd, 2018).
The final reason is the controversy surrounding GMOs, which is
shared with the agricultural sector, but is perhaps greater for
woody forest species given their perennial nature and existence
within semi-natural ecosystems; furthermore, the regulatory
restrictions on genetically engineered trees are far stricter than
those for agricultural crops (Strauss et al., 2009; Strauss et al,
2015; Strauss et al., 2016). Given these limitations, very few
woody perennials have been successfully engineered with
CRISPR/Cas9 relative to their annual counterparts, and the list
of those that have is almost exclusively made up of agricultural
species including Coffea canephora (coffee: Breitler et al., 2018),
Citrus sinensis (sweet orange: Jia and Wang, 2014), Citrus
paradisi (Duncan grapefruit: Jia et al., 2016), and Malus (apple:
Malnoy et al., 2016; Nishitani et al., 2016). The only forest species
for which CRISPR/Cas9 systems have been developed are those
in the genus Populus: P. tomentosa (Fan et al., 2015; Jiang et al.,
2017; Wan et al,, 2017; Wang et al., 2017; Xu et al., 2017; Yang
et al., 2017; Shen et al., 2018), P. tremula x alba (Zhou et al,,
2015; Muhr et al., 2018), and P. tremula x tremuloides (Elorriaga
et al., 2018). Only two of these studies used CRISPR/Cas9 to
target genes involved in poplar disease resistance (Jiang et al.,
2017; Wang et al.,, 2017).

Given the paucity of studies using CRISPR/Cas9 in forest tree
species, it is not surprising that there are no published examples
of the use of this technology in forest pathogens. However, there
should be fewer obstacles for applying this approach to the
pathogens since they are often taxonomically related to the

B
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FIGURE 2 | The number of CRISPR publications by year since 2012 (development of CRISPR/Cas9 gene editing technology by Jinek et al.) obtained from a Web of
Science topic search with the search parameters: ‘CRISPR’ or ‘CRISPR-Cas*’, or ‘CRISPR/Cas*. The ‘Analyze Results’ function of Web of Science was used to
determine publication numbers by year and research area. (A) The log-transformed number of CRISPR publications by research area shows the common trend of
increasing publications for CRISPR research for all areas except forestry. (B) A breakdown of the publication distribution by topic within forestry as determined by a

oomycete and fungal species that cause disease on agricultural
plants. The study by Fang and Tyler on Phytophthora sojae
(2016) clearly demonstrated the power of CRISPR/Cas9 as a tool
for gaining a deeper understanding of phytopathogens and how
they interact with their plant hosts. Similar studies should be
implemented in forest pathogens, and there are some forest
pathosystems that are ideally suited for the use of CRISPR/Cas9
technology. Below, we give examples of four pathosystems that
could be used to drive CRISPR/Cas9 research development in
forest pathology (Figure 3): two using an approach of engineered
resistance in the host, and two using an exploratory approach in
the pathogen.

Proposed CRISPR/Cas9 Research in Four
Forest Pathosystems
Engineering Disease Resistance in Poplars
While CRISPR/Cas9 research in poplars has already started, its
focus has mainly been on modifying genes involved in growth,
reproduction, and lignin development with the goal of improving
Populus species for growth in plantations as well as use in the
pulp and bio-refinery industries (Fan et al., 2015; Zhou et al.,
2015; Wan et al,, 2017; Xu et al,, 2017; Yang et al., 2017; Elorriaga
et al., 2018; Muhr et al., 2018; Shen et al., 2018; Chanoca et al,,
2019). However, there are many potential applications for
CRISPR/Cas9 technology for developing disease resistance, and
perhaps the most promising application in forest pathology
would be the genome editing of poplar species for resistance to
their major pathogens, namely Melampsora and Sphaerulina
species. In fact, the Melampsora-Populus pathosystems (Figure
3A) have previously been proposed as a model system to further
our understanding of host—pathogen recognition mechanisms
and the infection process (Feau et al., 2007) and would therefore
be an excellent place to start CRISPR/Cas9 research in
forest pathology.

Poplars are ecologically and economically valuable trees,
playing important roles in both natural and managed forests,
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A B Cc D

FIGURE 3 | The four forest pathosystems proposed for future CRISPR/Cas9 research: (A) uredinia of the poplar leaf rust pathogen Melampsora medusae f. sp.
deltoidis, a basidiomycete fungus, on eastern cottonwood (Populus deltoides) leaves in Montréal, Quebec, CA (photo: Richard Hamelin, 2015); (B) flagging
symptoms typical of Dutch elm disease, caused by the ascomycete fungal pathogen Ophiostoma novo-ulmi, on an American elm (Ulmus americana) in Québec,
Quebec, CA (photo: Philippe Tanguay, 2016); (C) sudden larch death caused by the oomycete pathogen Phytophthora ramorum in a larch plantation in Galloway
Forest Park, Scotland, GB (photo: Richard Hamelin, 2019); (D) aecia of the basidiomycete fungal pathogen Cronartium ribicola, causal agent of white pine blister
rust, on a limber pine (Pinus flexilis) in Rocky Mountain National Park, Colorado, US (photo: Erika Dort, 2019).

and they have long been established as model species for  switch to a mycelial form that can penetrate xylem tissues and
molecular and genomic studies in forest trees (Bradshaw et al.,  grow radially in the elm (Berrocal et al., 2012). This ability to
20005 Taylor, 2002; Wullschleger et al., 2002). Additionally,  switch between yeast and mycelial growth forms is thought to be
Populus trichocarpa was the first tree species to have its  involved in the pathogenicity of dimorphic fungi (Nadal et al.,
genome sequenced (Tuskan et al, 2006), which perfectly =~ 2008), and has thus been explored in the DED pathogens for a
situates poplar pathosystems for study with CRISPR/Cas9.  number of years (Richards, 1994; Berrocal et al., 2012; Naruzawa
Melampsora leaf rusts and Sphaerulina leaf spot and stem  and Bernier, 2014; Wedge et al., 2016). Transcriptomic analyses
canker pathogens are two of the most damaging groups of  have identified candidate genes involved in this yeast-to-hypha
fungi affecting poplars in both natural stands and plantations,  transition (Nigg et al., 2015; Nigg and Bernier, 2016). These
and they have major impacts on productivity and forest health. ~ genes are excellent candidates for CRISPR/Cas9 gene editing:
The barrier of entry for using CRISPR/Cas9 to engineer  triggering the NHE] pathway could create knockout mutants
resistance to these pathogens is particularly low for two  with reduced ability to switch to the yeast form thereby impeding
reasons, the first being that CRISPR/Cas9 protocols have  translocation of the fungus throughout the elm tree.

already been established in Populus species (Fan et al., 2015; Another group of interest as candidate genes involved in O.
Zhou et al., 2015). The second reason is that candidate genes  novo-ulmi pathogenicity are the secondary metabolite clusters. In
associated with resistance have already been identified for both ~ plant pathogenic fungi, secondary metabolites such as host-
Melampsora and Sphaerulina species (Yin et al., 2004; Duplessis ~ selective toxins are well known to play an important role in
et al., 2009; La Mantia et al., 2013; Muchero et al.,, 2018). As disease development (Macheleidt et al., 2016). Bioinformatic
discussed previously, there have now been a number of studies ~ annotations have identified O. novo-ulmi gene clusters
using CRISPR/Cas9 in Populus species, and while two of these  putatively involved in biosynthesis of secondary metabolites,
studies used CRISPR/Cas9 to explore the functions of genes in  and interspecific comparative genomic analyses uncovered a
Melampsora resistance by creating knockout mutants (Jiang  fujikurin-like gene cluster (OpPKS8), found in the DED
et al, 2017; Wang et al,, 2017), none of them used CRISPR/ pathogens (O. ulmi and O. novo-ulmi) but absent in related

Cas9 to directly engineer disease resistance. non-phytopathogenic species (Sbaraini et al., 2017). According
to phylogenetic analyses the authors suggested that this toxin-
Dutch EIm Disease related cluster may have been horizontally acquired by DED

The possibility of using CRISPR/Cas9 to control the dominant  pathogens (Sbaraini et al., 2017). Genes in the OpPKS8 cluster
Dutch elm disease (DED) pathogen Ophiostoma novo-ulmi  are good candidates for exploration with CRISPR/Cas9, which
(Figure 3B) is another exciting prospect. Genome sequencing  could be used as an additional tool to elucidate the functions of
and annotation of this pathogen has helped in identifying  this secondary metabolite cluster and its potential role
multiple candidate genes involved in the infection process  in pathogenicity.

(Forgetta et al., 2013; Khoshraftar et al., 2013; Comeau et al., Finally, a recent pangenomic analyses of a collection of strains
2015). Of particular interest are the genes involved in regulating  from O. ulmi and O. novo-ulmi species showed that introgression
the yeast-mycelial dimorphism exhibited by many Ophiostoma  has been the main driver of genomic diversity and has impacted
species. Ophiostoma novo-ulmi uses its budding yeast phase to  fitness-related traits, with many of the introgressed regions
travel rapidly through the tissues of its elm hosts but can also  containing genes involved in host-pathogen interactions and
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eproduction (Hessenauer et al., 2020). Hessenauer et al. (2020)
further demonstrated that the virulence of O. novo-ulmi was
positively or negatively affected depending on the location of the
introgressed genes in the genome. As with the secondary
metabolites, CRISPR/Cas9 could be used as a means of exploring
the functions of some of these introgressed genes that appear to
play a role in virulence. Development of a CRISPR/Cas9 system
in O. novo-ulmi has already begun (Tanguay, 2019), which
makes implementing such pathogenicity-related strategies an
impending reality.

Sudden Oak/Larch Death

Some filamentous plant pathogens exhibit virulence via their
ability to suddenly switch lifestyles. This is the case in many
fungal and oomycete species that are hemibiotrophs, meaning
they can transition from an asymptomatic biotrophic phase to an
aggressive necrotrophic phase in which they begin releasing
toxins and killing host tissues (Lee and Rose, 2010; Koeck
et al, 2011). The genes enabling this dual lifestyle could be
effective targets for CRISPR/Cas9 in order to better understand
how hemibiotrophic pathogens cause disease. Research in the
oomycete pathogen, Phytophthora infestans, showed that
effectors are the mediators of this lifestyle transition (Lee and
Rose, 2010), which is not surprising given the dominant role
these molecules play in plant-pathogen interactions. These
results are very encouraging as CRISPR/Cas9 systems have
already been developed in P. sojae (Fang et al., 2017), P. capsici
(Miao et al., 2018), and P. palmivora (Gumtow et al., 2017), and
it has proven successful in disrupting effector genes (Fang and
Tyler, 2016; Gumtow et al., 2017). The invasive forest pathogen
Phytophthora ramorum (Figure 3C), causal agent of sudden oak
death in the United States (Rizzo et al., 2002a; Rizzo et al., 2002b)
and sudden larch death in the United Kingdom (Webber et al.,
2010), is another hemibiotrophic oomycete pathogen that causes
devastating disease outbreaks in a broad range of woody hosts
(Rizzo and Garbelotto, 2003). Phytophthora ramorum is
classified as a highly aggressive pathogen given its ability to
infect woody stems as well as foliar tissues, however, its
hemibiotrophic nature allows it to remain asymptomatic
anywhere from months to years before it transitions to its
aggressive necrotrophic lifestyle (Rizzo and Garbelotto, 2003).
It would therefore be an excellent candidate for CRISPR/Cas9
research exploring the role of effectors in mediating this lifestyle
switch that influences virulence so significantly.

White Pine Blister Rust

White pine blister rust (WPBR), caused by the basidiomycete
rust fungus Cronartium ribicola (Figure 3D), has severely
affected North American populations of many economically
and ecologically important pine species such as eastern and
western white pines, sugar pine, and whitebark pine (Sniezko
et al., 2014). In many white pine species both complete and
partial resistance to WPBR have been detected. Complete
resistance is mediated by a dominant R gene named Cr,
which causes a hypersensitive response to C. ribicola and
enables the pine host to survive by restricting the infection

to the needles (Kinloch et al., 2003; Sniezko et al., 2014).
Partial resistance appears to be a more complex response that
is likely mediated by multiple genes, but the exact mechanisms
driving this response are not yet known (Sniezko et al., 2014).
While the Cr genes mediating complete resistance in white
pines seem like the perfect candidates for CRISPR/Cas9-
generated disease resistance, these R genes are likely not
stable in the long-term because only a single mutation in a
corresponding C. ribicola effector gene would be required to
overcome this resistance (Sniezko et al., 2014). However, plant
R gene immune receptors can be mutated to provide resistance
to phylogenetically divergent pathogens (Segretin et al., 2014;
Giannakopoulou et al., 2015), and CRISPR/Cas9 could be used
to engineer such synthetic genes in tandem in order to create
stable multi-resistance plant systems (Andolfo et al., 2016).
Another option to obtain more durable long-term resistance
in WPBR pathosystems is to focus CRISPR/Cas9 research on
partial resistance. Cas9 can be co-expressed with many
sgRNAs to simultaneously target multiple genes; this
multiplex gene editing could facilitate the discovery of the
genes involved in partial resistance, and it could also
eventually be used to target those genes simultaneously in
engineered WPBR-resistant pine populations. This partial
resistance strategy may be less effective than complete
resistance to a single C. ribicola strain, but it would be
more stable in the long-term against a constantly evolving
C. ribicola population exhibiting diverse mutations and
could also protect pine hosts against other encroaching
pathogen species.

The four suggestions above demonstrate the scope of utility
of CRISPR/Cas9 gene editing technology and highlight how this
tool has been underutilized in forest pathology. CRISPR/Cas9 is
a relatively recent development, and there are clear obstacles to
its use in forest pathosystems. However, given the large number
of fungal and oomycete species for which CRISPR/Cas9 systems
have now been established, the barrier of entry for pathologists
studying filamentous forest pathogens has been lowered, and
there is a generalized research pipeline that they can follow to
implement this gene editing technology in their study
organisms (Figure 4). This pipeline can comprise various
approaches for developing a CRISPR/Cas9 system, including
using different Cas9 delivery methods (RNP vs. plasmid) and
genetic targets (DNA vs. RNA). Figure 4 shows a generalized
schematic of one such approach based on the CRISPR/Cas9
system being developed in the Dutch elm disease pathogen
Ophiostoma novo-ulmi (Tanguay, 2019). We hope this gives
forest pathologists a better understanding of the logistics
involved in developing CRISPR/Cas9 systems in filamentous
forest pathogens.

As sequencing technologies continue to improve and lower in
cost, forest pathologists should aim to increase their exploration
of the genetic basis of plant disease resistance via CRISPR/Cas9
gene editing. The power of this technology to aid our
understanding of the intricacies of plant-pathogen interactions
and generate effective strategies of disease resistance in forest
pathosystems is much too great to ignore.
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FIGURE 4 | Example of a generalized CRISPR/Cas9 workflow and timeline for a filamentous forest pathogen based on the protocol being developed for the Dutch
elm disease pathogen Ophiostoma novo-ulmi (Onu). (A) Transformation of fungal protoplasts with a plasmid containing (see inset): a Cas9 gene fused to nuclear
localization signal (NLS), a single-guide RNA (sgRNA) scaffold with a 20-nucleotide (nt) region designed to base-pair with the target genomic DNA, an antibiotic
resistance gene for transformant selection, and gene promoters and terminators active in the target species. Alternatively, protoplasts can be co-transformed with a
combination of Cas9-sgRNA ribonucleoprotein complexes (RNPs) and a plasmid for antibiotic transformant selection. (B) In successful transformants, Cas9 forms a
complex with the sgRNA molecule, which guides the complex to the protospacer (a genomic DNA target in this example) with an adjacent PAM (protospacer
adjacent motif) sequence. The sgRNA-Cas9 complex is analogous to the crRNA-effector complexes of native CRISPR/Cas systems, shown in Figure 1 of this
review. In the RNP approach, this sgRNA-Cas9 complex is pre-assembled and transfected directly into the protoplasts. (C) Transformants are selected by growth
on antibiotic selective medium (picture shows Onu hygromycin-resistant transformants: pink colonies are CRISPR/Cas9 ade2 mutants). (D) Successful CRISPR/Cas9
mutants are confirmed through sub-culture of the putative transformants from the previous step, PCR screening, and Sanger sequencing.

CONCLUSIONS

Since the discovery of CRISPR/Cas systems in 1987 (Ishino
et al., 1987), our understanding of this adaptable immune
response has come a long way, and the development of
CRISPR/Cas9 gene editing technology in 2012 (Jinek et al.,
2012) resulted in an explosion of research with wide-reaching
implications for most biological systems. Despite the
development of Cas9 tools in many pathosystems, there are
still limitations to the use of CRISPR/Cas technology in plant
pathology, especially concerning off-target effects. However,
careful design of sgRNAs and modifications of the Cas
proteins prevent most of these effects, and the use of RNP
delivery systems has reduced off-target mutations to zero in
many systems (Das et al., 2019). Additionally, the continued
development of CRISPR/Cas technology in plant pathosystems
will only improve efficiency as this technology is adapted to
function in a diversity of organisms. To date, most CRISPR/Cas9
research in plant pathology has been focused on agricultural
pathosystems, with little to no research in forest pathology. This
is understandable given the availability of genomic resources for
most major crops as well as the shorter generation times of crop
plants relative to their forest counterparts, which makes for a
quick feedback loop on any genetic modifications made with

CRISPR/Cas9. However, forest pathogens are wreaking equal
havoc in the forestry sector and represent a global threat to
forest ecosystems that needs to be addressed immediately. The
time is now to adopt CRISPR/Cas9 in forest pathology, at the
very least to improve our understanding of host-pathogen
interactions, but ideally to begin integrating it into forest
improvement programs to generate more effective disease
resistance strategies for long-term forest sustainability.
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Biological diversity plays an important role in the stability of ecosystems. The Mu
Us Desert (MUD), located in Northern China, is an aeolian desert. Although it has
been governed by a series of ecological restoration programs, the MUD still has
limited biological diversity. Populus euphratica (R euphratica), a xerophytic plant, has
great potential to improve the biological diversity of the MUD. However, the survival
rate of P euphratica in the MUD has been very low. The current study tried to
explore the mechanism of the high death rate of P euphratica in the microbiome
perspective. The correlation study between soil community composition and soil
properties showed that water-filed pore space (WFPS), pH, EC, AP, NOs~, and NH4*
possess higher potential to change the bacterial community (18%) than the fungal
community (9%). Principal coordinate analysis indicated that the composition of both
bacteria (Proteobacteria and Bacteroidetes) and fungi (Ascomycota) in the root sail
can be increased by P euphratica. By systematically comparing between the fungal
diversity in the root soil around P euphratica and the pathogenic fungus extract from
the pathogenic site of P euphratica, we found that the high death rate of P euphratica
was associated with specific pathogenic fungus Alternaria alternate and Didymella
glomerata. In addition, the microbiome composition analysis indicated that P euphratica
planting could also influence the portions of bacteria community, which also has great
potential to lead to future infection. However, as the extraction and separation of
bacteria from plants is challenging, the correlation between pathogenic bacteria and
the high death rate of P euphratica was not studied here and could be explored in
future work.

Keywords: Populus euphratica, Mu Us Desert, biological diversity, microbial communities, pathogen
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HIGHLIGHTS

- Soil microbiome can be influenced significantly by Populus
euphratica.

- A. alternate and D. glomerata in soil can lead to the high
death rate of Populus euphratica.

- Plant-pathogen interactions within bacteria and Populus
euphratica death was observed.

INTRODUCTION

The Mu Us Desert (MUD) was once covered by 81 km? of sand
dunes. Fortunately, after the efforts of several generations, its
ecological environment has been greatly improved. Since 1978,
the desert region in the MUD has been moved 400 km to the
north (Feng et al., 2013; Li et al., 2013; Lai et al., 2016). The
sand retreat was a great achievement and victory that made the
MUD one of the most famous regional vegetation restorations
(Li et al., 2019; Sun et al., 2019). However, the achievement of
environmental management in the MUD is mainly attributed
to the introduction of two kinds of plants: conifer pine and
shrub. It is difficult for other conventional green plants to
survive in the MUD due to the natural climate, and as a result,
most of the restored areas were dominated by these two kinds
of plants. Although proliferation of these species temporarily
controlled the spread of the local desert and improved the
local vegetation coverage, the limited biodiversity in the region
renders the ecological environment fragile. The resulting risk
of secondary desertification has always been an urgent problem
for the ecological stability of the MUD region (Shu et al., 2018;
Lietal, 2019).

YuLin (Yuyang District), located in the interior of the MUD,
possesses 118.27 km? of grassland reclamation. YuLin is one of
most typical vegetated areas of the MUD and has great potential
as a pilot site due to its ecological stability (Li et al., 2019). Populus
euphratica, a perennial woody plant with high salinity and aridity
tolerance, is widely spread in Western China and adjacent Central
Asian countries (Keram et al, 2019). Considering the growth
habit of P. euphratica, the climatic and environmental conditions
of the Yuyang District can be suitable for its growth (Shu et al,,
2018). However, after several years of trying, the success of
P. euphratica, which should be able to improve the ecological
development in the MUD, has stagnated due to its high mortality
rate. At the same time, some factors governing the success of
P. euphratica have been discovered. After these P. euphratica
trees were planted in the nursery garden, the survival rate was
close to 100% within the first year. Once the P. euphratica trees
were transferred outside, almost 50% of the saplings died within
the second year. During the third year, less than 5% of these
P. euphratica trees survived. Only 5% of these tested trees grew
healthy after a probationary period of 3 years. By analyzing the
dead plants, some typical symptoms, like stem cankers and rust
disease, etc., were found. The symptoms identified in almost all of
the dead P. euphratica were consistent. These fatal diseases seem
to be a reliable reason for the high death rate of P. euphratica.
At the same time, why was there such a large difference in the

death rate among different growth periods? Where or how were
the P. euphratica trees infected?

Previous studies indicated that, the plant-associated microbial
communities could be affected by the tissue age of the plant,
environmental conditions, and agronomical practices (Vorholt,
2012; Left et al., 2015; Arrigoni et al, 2018). In this plant-
pathogen interaction system, microbiome plays a vital role for
the health of the plant. The microbiome transplanted by the soil
could always predetermine future plant health (Wei et al., 2019).
This study is focused on the bacterial and fungal community
in the soil around P. euphratica and the endophyte pathogenic
to P. euphratica. The biological diversity in different places at
different periods was studied by high-throughput sequencing.
In addition, the endophytes pathogenic to P. euphratica were
extracted, isolated, and authenticated by DNA sequencing. We
analyzed the correlations between microorganisms in soils and
endophytes in the pathogenetic P. euphratica.

MATERIALS AND METHODS
Sampling Sites

According to the tree age, four different sampling sites were
arranged: Sampling Site 1 (half year), the new development area
of Yulin where P. euphratica had not been transplanted (XKWY,
38°9/37.7"N, 109°41’9.2"E) in the MUD, Yu Yang District,
Northwest China; Sampling Site 2 (1 year), the new development
area of Yunlin where P. euphratica were transplanted (XKY,
38°26/38.0"N, 109°35'38.2"E) in the MUD, Yu Yang District,
Northwest China; Sampling Site 3 (2 years), the afforestation
land (ZLD, 38°25'58.2""N, 109°37'18.7"E) in the MUD, Yu Yang
District, Northwest China; Sampling Site 4 (3 years), Airport
Road study site (JCL, 38°23'11.2"N, 109°37'11.78026"E) in the
MUD, Yu Yang District, Northwest China. At the JCL study
site, three types of different soils were investigated: JCLH, the
soil around the surviving P. euphratica after 3 years of planting
in JCL; JCLS, the soil around the dead P. euphratica after
3 years of planting in JCL; and JCLYLT, the soil in JCL without
P. euphratica planting.

Collection of Soil and Plant Samples

Six replications were conducted at all sampling sites of the
selected soil samples. Soil samples were collected surrounding
the soil stem, approximately 20 cm in diameter, of P. euphratica
at depths from 10 to 50 cm. After thoroughly mixing, 100 g
of prepared soil samples was stored at —80°C for sequencing.
Corresponding air-dried soil samples were sieved by a 2-mm
mesh and stored at 4°C for the analysis of soil physicochemical
properties. The diseased parts of P. euphratica at different study
sites were imaged and collected by cutting off the target stem.

Isolation of Plant Endophytes

Twenty-four pathogenetic P. euphratica samples were collected
from XKY, ZLD, and JCL. The collected samples were disinfected
by 75% ethanol for 1 min and 10% NaClO for 5 min (surface
treatment). After then, the disinfected samples were rinsed
thoroughly by sterile water and then dried in aseptic fume
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hood. Finally, the sterilized symptomatic stems were cultured
by potato dextrose agar (PDA) culture medium, with antibiotic
supplements (50 pg/ml of ampicillin and streptomycin sulfate),
at 25°C. The characteristics of cultured mycelium on PDA were
observed daily and isolated. The microscopic morphological
characteristics of isolated colony were observed and recorded
(Olympus, Tokyo, Japan). All the valuable biological materials
have been protected, controlled, and accounted according the
laboratory biosecurity guidance (WHO/CDS/EPR/2006.6) of
World Health Organization (WHO).

DNA Extraction, Sequencing, and

Analysis

Details of DNA extraction are shown in Supplementary Text S1.
In brief, total DNA extraction of 36 soil samples was conducted
(six groups with six repeats). DNA extraction of each sample
possesses two technical replicates. The quality and concentration
of extracted DNA were assessed. Samples were stored at —20°C
before use. Details of bacteria 16S rRNA and fungi ITS gene
amplicon sequencing are shown in Supplementary Text S2.
Amplicon sequences were analyzed using the “DADA2” package
in the R environment (version 3.6.1). Corresponding details are
shown in Supplementary Text S3.

Statistical Analysis

The bacterial community composition differences among
treatments were tested by PERMANOVA (adonis, transformed
data by Bray-Curtis, permutation = 999), implemented
in R version 3.6.1. The DESeq function of the “DESeq2”
package (version 1.18.1) was employed to test for differentially
abundant ASVs among treatments. Statistical significance was
based on a value of p < 0.05 (with FDR < 5% under the
Benjamini-Hochberg correction).

RESULTS

Correlation Between the Community

Composition and Soil Properties

The correlation between the community composition and soil
properties was statistically analyzed based on six different
types of soil. These parameters, including water-filled pore
space (WFPS), pH, EC, AP, NO;~, and NH,™, are shown in
Supplementary Table S1 and Figure 1. For the bacteria, the
influence degree of the abovementioned parameters ranged as
follows: pH > EC > WFPS > NO3;~ > AP > NH, " (Figure 1A).
These soil properties contributed to 18% of the change in the
bacterial community (Figure 1A). According to the results of
the correlation analysis, the influence of pH mainly affected
Massilia and Rhodococcus, EC had a higher influence on Devosia;
and NO3~ on Candidatus nitrososphaera. For the fungi, the
degree of influence of the abovementioned parameters ranged
as follows: EC > pH > NO3~ > WFPS > AP > NH4"
(Figure 1C). These soil properties contributed to 9% of the
change in the fungal community (Figure 1C). In addition, the
influence of EC mainly focused on Psathyrella, Coprinellus,

Mallocybe, Peziza, and Arcopilus; NO3~ mainly influenced
Psathyrella, Coprinellus, Mallocybe, and Arcopilus; and WFPS
mainly influenced Psathyrella.

Morphological Characteristics and
Identification of Endophytic Fungi

To explore the correlations between stem pathogen infection
and microbiome assemblage in the root soil, the endophytic
fungi in the symptomatic segments were isolated and identified
(Figure 2). A-D in Figure 2 is four typical symptoms of
diseased P. euphratica in XKY, ZLD, and JCL. Finally, a total
of 10 types of endophytic fungi were isolated and identified.
Among these fungi, Epicoccum nigrum can produce some colored
pigments, which are antifungal agents against other pathogenic
fungi (Brown et al., 1987; Sun et al., 2011; Radi¢ and Strukelj,
2012), and Alternaria species (Alternaria alternate, Alternaria
tenuissima), whose killing power release depends on a high-
humidity environment (Moral et al., 2018). Phoma glomerata,
which has an excellent ecological plasticity, can be permitted
by 90 different kinds of plants and normally can cause leaf
spot (Dorr et al., 2011). Trichoderma is a widespread fungus
that is considered as an opportunistic avirulent plant symbiont
(Harman et al., 2004; Bae et al., 2011). Previously, reports of
Cladosporium oxysporum indicated that it has pathogenic effects
on tomato and some vegetables, while it normally causes leaf
spot (Wilingham et al., 2002; Baiswar et al., 2011; Zheng et al,,
2014). Didymella glomerata is within the Didymellaceae family,
which can cause stem lesions or cankers (Chen et al., 2015; Basim
etal., 2016; Yao et al.,, 2016; Donati et al., 2018). The Valsa genus
(Valsasordida, Valsanivea, Valsamalicola, and Valsamali) belongs
to the family of Valsaceae, which can cause trunk diseases.
Additionally, trunk diseases possess great power to kill young
poplar trees 2 or 3 years after infection (Yi and Chi, 2011; Ma
etal.,, 2016; Aghdam et al., 2017; Liu et al., 2018; Yu et al., 2018).

Effects of P. euphratica on the Soil
Microbial Community

According to the results of relative abundance analysis, for the
bacteria, the most common phyla in the six types of soils were
Proteobacteria, Bacteroidetes, Acidobacteria, Actinobacteria,
and Thaumarchaeota. After P. euphratica planting, the relative
abundance of Proteobacteria (dominant OTUs: OTU_12049,
OTU_12644) (Supplementary Figure S1) and Bacteroidetes
(dominant OTUs: OTU_13655, OTU_13821) (Supplementary
Figure S1) increased (Figure 3A). However, the portions of
Actinobacteria (dominant OTUs: OTU_22374) (Supplementary
Figure S1) and Thaumarchaeota (dominant OTUs: OTU_5953,
OTU_5954) (Supplementary Figure S1) were decreased
(Figure 3A). At the same time, the fungi Ascomycota (dominant
OTUs: OTU_3086, OTU_3548 and OTU_3550) (Figure 6) and
Basidiomycota (dominant OTUs: OTU_2456) (Figure 6) were
two of the most common fungal phyla. After P. euphratica
planting, compared with the soil without P. euphratica, the
relative abundance of Ascomycota in all the selected soils,
except XKY, was increased (Figure 3B). However, the relative
abundance of Basidiomycota was decreased in JCLH, JCLS,
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FIGURE 1 | The influence degree of soil properties to the (A) bacterial community, (C) fungal community, and corresponding correlations between soil properties and
(B) bacteria and (D) fungi.

XKWY, and ZLD. Interestingly, XKY was the only exception
(Figure 3B). By comparing the results of the relative abundance
changing between the phyla level and the dominant OTUs level,
we found that the relative abundance changing of similar trend
dominant OTUs could meet with the phyla level well (Figures 3,
6 and Supplementary Figure S1).

a-Diversity

The results of the observed a-diversity are shown in Figures 4A,
5A, which indicated that P. euphratica planting could influence
the community diversity of both bacteria and fungi significantly.
Overall, the number of OTUs in the same soil sample was higher
for bacteria than for fungi. For the bacteria, the community
richness (Figure 4A, eveness Simpson) was increased after
P. euphratica planting compared with JCLYLT. As for the species
diversity (Figure 4A, Shannon), XKWY, XKY, and ZLD have
higher species diversity than JCL. After P. euphratica planting,
the species diversity difference of JCLH, JCLS, and JCLYL was
not obvious. For the fungi, the community richness in JCLS
was higher than that in other experimental sites (Figure 5A,
eveness Simpson). Additionally, a similar tendency existed in the
community diversity (Figure 5A, Shannon).

B-Diversity

For the bacterial community, the Bray-Curtis dissimilarity
principal coordinate analysis (PCoA) results showed significant
differences in the soils of JCL, XKWY, XKY, and ZLD (Figure 4B).
In the JCL soils, after P. euphratica planting, both JCLS and

JCLH showed pronounced differences compared to JCLYLT.
The bacterial community between JCLS and JCLH was not
completely separated. For the fungal community, the PCoA
results indicated that the fungal community in the selected
soil showed significant differences (Figure 5B). In the JCL
soils, after P. euphratica planting, both JCLS and JCLH showed
pronounced differences compared to JCLYLT. Similar to the
bacterial community, the fungal community between JCLS and
JCLH was not completely separated.

The differential abundance of bacteria and fungi of six
selected soil sites are shown in Figures 4C, 5C. The phyla
with significant community differences from all the selected
OTUs were presented.

The differential abundances of bacteria and fungi of six
selected soil sites are shown in Figures 4C, 5C. The phyla
with significant community differences based on all the selected
OTUs were presented.

DISCUSSION

The composition of soil microbiomes can be influenced by
multiple environmental factors, and further interactions between
pathogens and plants face the same situation (Xu et al., 2015;
Wei et al.,, 2019). The results of this study indicated that soil
physicochemical properties changed the composition of bacterial
and fungal communities. Different parameters always possess,
to some extent, a preference for specific phyla. For the bacteria,
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four different phyla were identified after taking the bacterial
composition of all the sequenced soil samples into consideration.
These affected phyla included Massilia, Rhodococcus, Devosia,
and Candidatus Nitrososphaera. Previous studies have shown
that most Rhodococcus species are benign (Mcleod et al., 2006).
The genus Massilia possesses bacteria that are able to suppress
pathogens for healthy plants. Studies of Devosia and Candidatus

Nitrososphaera are scarce, and the pathogenicity of these genera
remains unclear (Scola et al., 1998; Vannini et al., 2004; Zhalnina
et al., 2014). For the fungi, EC, NO3~, and WFPS contributed
some effect to five phyla, independent or synergistic. All the phyla
had not been isolated and identified in symptomatic segments.
Bacterial isolation and identification from infected segments were
not studied here due to the large complexity.
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Figures 4B, 5B show that the microbial community structure
in the soils around the surviving P. euphratica is markedly
different (P < 0.001). These results show the foundation
difference of soil microbiome composition between different
study sites. For the JCL sites, after P. euphratica planting,
the microbiome community structures in both JCLH and
JCLS were separated completely from JCLYLT (P < 0.001)
(Figures 4B, 5B). At the same time, the soil bacterial and fungal
community structures between JCLH and JCLS almost clustered
into two distinct groups but were not thoroughly separated
(P < 0.001, accounting for 26.57% of the bacterial community
and 28.86% of the fungal community). Early reports showed
that variations in soil microbiome community structures and
functions can affect target plants and determine whether the
plants survived or succumbed to disease (Wei et al., 2019). In
addition to composition, microbiome diversity level is also an
important predictor for the soil health and plant growth (Saleem
et al., 2019). Therefore, significant soil microbiome community
structures have a great potential to lead to the high death rate of
P. euphratica.

In this study, 10 types of endophytic fungi were isolated
and identified. After systematic literature review, we found
that Alternaria (A. alternate, A. tenuissima), D. glomerata, and
the Valsa genus (Valsa sordida, Valsa nivea, Valsa malicola,
Valsa mali) have great potential to participate in plant-
pathogen interactions. Results showed that Ascomycota was the
major fungal component in the selected soils with or without
P. euphratica planting. Interestingly, Alternaria, Didymella, and
Valsa all belong to the division of Ascomycota. By analyzing
several characteristic fungal populations (the abundance of
specific phyla in the studied soils that possess dramatic
differences except Valsa, p < 0.05), we found that for the
Alternaria, the relative abundance of Alternaria (OTU_3086,
on behalf of Alternaria alternate) in JCLS was the highest
within six selected soils (Figure 6A). The abundance of
Alternaria in different studied sites followed an interesting
rank: JCLS > ZLD > JCLH > XKWY =~ XKY =~ JCLYLT.
The relative abundance of Didymella in JCLS was the highest.
The abundance of Didymella (3,550 OTUs, on behalf of
D. glomerata) in different studied sites followed an interesting
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rank: JCLS > JCLH > ZLD > XKWY ~ XKY ~ JCLYLT
(Figure 6B). For the genus Valsa, there were almost no differences
in the relative abundance among the selected soils. In this respect,
the high death rate of Populus may be caused by Alternaria
alternate and D. glomerata.

According to the plant-pathogen interactions discovered in
the fungi perspective, we found that higher relative abundance of
the target fungi in the P. euphratica-planted soil poses a high risk
of infection. When we do a reasonable extrapolation of this result
in the bacteria view, several candidate bacteria (OTU_12049 and
OTU_12644, on behalf of JG34-KF-161 and Sphingomonadaceae
Sphingomonas, respectively, within the Proteobacteria phyla)
could be listed (Supplementary Figure S1). In addition, we
should also pay attention to the relative abundance decrease of
Actinobacteria (dominant OTUs: OTU_22374) (Supplementary
Figure S1) and Thaumarchaeota (dominant OTUs: OTU_5953,
OTU_5954) (Supplementary Figure S1) after P. euphratica
planting. Thaumarchaeota has been regarded as the key player
within the global nitrogen cycle (Shao et al., 2019). The phylogeny
and the function of the class Actinobacteria remains controversial
up to now (Ludwig et al., 2012; Sen et al., 2014). Its function
within the plant-pathogen interaction system should be explored
thoroughly. So, to do a further confirmation about this prediction
will be a challenging, but meaningful, object in our future studies.

CONCLUSION

In conclusion, the results of the present study revealed deeper
interactions between plant and pathogen. Increased attention on
the presence of pathogens during tree planting will be a crucial
factor in plant survival rates. Massart and Mark point out that in
order to achieve a better biological control, we must combine as
much potential factors together (e.g., host plants, host genotype,
integrate microbial community, pathogen, biocontrol agents,
molecules, etc.) (Massart et al., 2015; Mazzola and Gu, 2002).
In addition, previous studies have indicated that the tolerance
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Since its introduction to North America in the early 1900s, white pine blister rust (WPBR)
caused by the fungal pathogen Cronartium ribicola has resulted in substantial economic
losses and ecological damage to native North American five-needle pine species. The high
susceptibility and mortality of these species, including limber pine (Pinus flexilis), creates
an urgent need for the development and deployment of resistant germplasm to support
recovery of impacted populations. Extensive screening for genetic resistance to WPBR
has been underway for decades in some species but has only started recently in limber
pine using seed families collected from wild parental trees in the USA and Canada. This
study was conducted to characterize Alberta limber pine seed families for WPBR
resistance and to develop reliable molecular tools for marker-assisted selection (MAS).
Open-pollinated seed families were evaluated for host reaction following controlled
infection using C. ribicola basidiospores. Phenotypic segregation for presence/absence
of stem symptoms was observed in four seed families. The segregation ratios of these
families were consistent with expression of major gene resistance (MGR) controlled by a
dominant R locus. Based on linkage disequilibrium (LD)-based association mapping used
to detect single nucleotide polymorphism (SNP) markers associated with MGR against C.
ribicola, MGR in these seed families appears to be controlled by Cr4 or other R genes in
very close proximity to Cr4. These associated SNPs were located in genes involved in
multiple molecular mechanisms potentially underlying limber pine MGR to C. ribicola,
including NBS-LRR genes for recognition of C. ribicola effectors, signaling components,
and a large set of defense-responsive genes with potential functions in plant effector-
triggered immunity (ETI). Interactions of associated loci were identified for MGR selection
in trees with complex genetic backgrounds. SNPs with tight Cr4-linkage were further
converted to TagMan assays to confirm their effectiveness as MAS tools. This work
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demonstrates the successful translation and deployment of molecular genetic knowledge
into specific MAS tools that can be easily applied in a selection or breeding program to
efficiently screen MGR against WPBR in Alberta limber pine populations.

Keywords: association mapping, Cronartium ribicola, limber pine (Pinus flexilis), major gene resistance (MGR),
marker-assisted selection (MAS), plant effector-triggered immunity (ETI), single nucleotide polymorphisms (SNPs),

white pine blister rust (WPBR)

INTRODUCTION

Limber pine (Pinus flexilis James) is a native five-needle pine in
western North America, naturally distributed from British
Columbia and Alberta in Canada to southern California in the
USA. Despite limited economic value, limber pine is a keystone
species for high elevation montane ecosystems. Because of the
species’ high tolerance to drought, high winds, and exposure,
individual trees can live for over 1,000 years in harsh
environments where few other conifers are distributed. In these
environments limber pine provides essential ecosystem services,
including slope stabilization, headwater streamflow control, and
subalpine tree island formation. They provide cover that allows
less exposure-hardy plants to establish and grow and provide
both shelter and a nutritious food source for wildlife such as
birds, bears, and small mammals (Schoettle, 2004; Tomback and
Achuff, 2010). They are highly valued by recreationalists for their
unique windswept beauty (Government of Alberta, 2014) and, as
one of the world’s oldest living species, limber pine is also useful
for dendrochronological studies (Millar et al., 2007).

Despite having a large geographic range, limber pine’s status is
precarious in portions of its distribution. It is threatened by
invasion of the lethal non-native fungal pathogen Cronartium
ribicola (J.C. Fisch), outbreaks of native mountain pine beetle
(Dendroctonus ponderosae Hopkins), and habitat loss resulting
from changes to fire regimes and climate change. C. ribicola
causes white pine blister rust (WPBR) in five-needle pines all
around the world. Because of its high susceptibility to C. ribicola, in
environments suitable for the pathogen, over 60 percent of limber
pine trees in Alberta were observed to be infected during 2009
surveys in Canada, and WPBR caused over 40 percent mortality in
many regions (Smith et al., 2013). The Government of Alberta and
the Committee on the Status of Endangered Wildlife in Canada
have designated limber pine as an endangered species (COSEWIC,
2014; Government of Alberta, 2014).

A species recovery plan has been prepared and executed for
limber pine conservation and restoration in Alberta (Alberta
Whitebark and Limber Pine Recovery Team, 2014). Genetic
resistance is considered essential to several key strategies for
WPBR management and restoration of native five-needle pines
in North America, and great progress has been made in
conservation and tree improvement programs for several
species since programs began in the 1960s (Sniezko et al,
2008; Sniezko et al., 2014; Sniezko et al., 2020). Over the past
few years, limber pine seed families have been collected and
assessed for resistance-related phenotypic traits in controlled
seedling inoculation trials. Major gene resistance (MGR) and

quantitative disease resistance (QDR) to WPBR have been
identified in populations not yet invaded by WPBR as well as
those with high pre-selection from natural infection. MGR to C.
ribicola was first identified in limber pine seed families
originating from southern Wyoming to southern Colorado,
USA, and its genetic locus was designated as Cr4 (Schoettle
et al,, 2014). Recently, MGR was also independently found in a
limber pine parent from Alberta (Sniezko et al., 2016), in stands
400 km south of the northern limit of the species. Because the
two regions where MGR has been documented in limber pine are
more than 1,100 km apart geographically, it is important for
selection and breeding programs to know whether the MGR
found in the USA and Canada is controlled by the same R
locus (Cr4).

Traditional breeding approaches are effective in selecting
and testing for genetic resistance to WPBR, but they can take
decades to identify sufficient numbers of resistant parent trees
and reliably produce large cone crops. In addition, it can be
difficult using conventional methods for tree breeders to capture
and transfer genetic variability of a suite of complex traits
together, such as host resistance to pathogens and pests and
other related adaptive traits. Genetic dissection of complex
phenotypic traits is thus still an obstacle in forest genetics. In
recent years, genomic resources have been developed by next
generation sequencing approaches in a few five-needle pine
species, including genome-wide marker discovery (Liu et al,
2014; Syring et al.,, 2016), high-density genetic maps (Jermstad
et al., 2011; Friedline et al., 2015; Liu et al., 2019), transcriptome
profiles (Lorenz et al., 2012; Liu et al., 2013; Gonzalez-Ibeas et al.,
2016; Liu et al., 2016; Baker et al., 2018), and whole genome
sequences (Stevens et al., 2016). These genomics resources and
tools open a completely new avenue for the capture and
utilization of genome-wide variability in breeding programs
(Falk et al., 2018; Weiss et al., 2020).

Genotyping a subset of in-silico SNPs anchored Cr4 on the
Pinus consensus linkage group 8 (LG8) (Liu et al., 2016). Genes
with positive selection implied in disease resistance or drought
tolerance were identified in limber pine and three other five-
needle pines as potential targets for breeding and selection of
these traits (Baker et al., 2018). Fine-scale genetic mapping
revealed orthologous R loci co-positioned with members of the
nucleotide-binding site leucine-rich repeat (NBS-LRR) gene
family that reflected evolutionary pressure (Liu et al., 2019).
These genomic studies facilitated further characterization and
practical utilization of genetic diversity in breeding genetic
resistance to WPBR in five-needle pines. However, the
genomic information available so far is still too limited to
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generate a sufficient foundation of knowledge required for
genetic improvement of limber pine and other non-model
forest conifers (Liu et al., 2016).

Here, we report an association study using unrelated open-
pollinated limber pine seed families originating from Alberta to
determine whether families expressing phenotypic signs of MGR
have genotypic MGR markers. We also determine whether
putatively resistant genotypes co-locate with previously identified
Cr4 known to occur in limber pine or whether they co-locate with
other R genes. We aim to develop specific SNP markers that can be
used for operational assays for MGR selection in breeding
programs of limber pine to increase the frequency of WPBR-
resistant genotypes.

MATERIALS AND METHODS

Plant Materials and Resistance
Assessment

Ten Alberta open-pollinated seed families (Supplementary
Table S1) were sown at Dorena Genetic Resource Center
(DGRC) in spring of 2016, including one family (PB #2)
previously reported with MGR segregation (Sniezko et al,
2016) and nine families with unknown resistance levels. Needle
samples were collected from each seedling and stored at —20°C
before DNA extraction.

Of the five spore stages of the C. ribicola life cycle, only
basidiospores are able to infect needles of five-needle pine
species. They develop on the underside of Ribes spp. leaves
(pathogen’s alternate host) during cool, wet weather conditions
in late summer or early fall and infect the needles of five-needle
pines. Ribes spp. leaves infected with a heterogenous mixture of
C. ribicola genotypes were collected from multiple field locations
in Oregon in the fall of 2016 and 2017. Since no virulent pathotype
capable of overcoming limber pine MGR has yet been detected
(Kinloch and Dupper, 2002), the C. ribicola sources used in these
inoculations were assumed to be wild avirulent races.

Six and 18-month-old seedlings were inoculated in the fall of
2016 and 2017, respectively, using standard Dorena Genetic
Resource Center protocols (Schoettle et al., 2014; Sniezko et al.,
2016). Inoculation with C. ribicola basidiospores was performed
in an inoculation room under controlled conditions at 18°C and
100% relative humidity. Study design was a randomized
complete block, with 4 and 6 blocks for the 2016 and 2017 trials,
respectively. Seedlings were transferred into the inoculation room
two days prior to inoculation to acclimate to temperature and
humidity conditions optimal for infection. Infected Ribes leaves
were then placed on wire screens above the seedlings for the
basidiospores to drop. Basidiospore shedding was monitored by
checking microscope slides placed amongst the inoculation blocks.
Ribes leaves were removed when basidiospore density reached a
specific level (6000 or 3000 spores/cm? in the 2016 and 2017 trials,
respectively). Basidiospore germination averaged 99% for the trials.
Seedlings remained in the inoculation chamber for about 48 h to
promote spore germination and needle infection. After removal
from the inoculation room, seedlings from the 2016 inoculation

were then transferred to a greenhouse for the duration of the trial,
while the seedlings from the 2017 inoculation were subsequently
planted outdoors in boxes.

Disease development in the 2016 trial was assessed a total of 7
times during the period from October 2016 to December 2017.
Each seedling was evaluated for disease symptoms on needles
and stems including presence/absence of needle spots (lesions),
spot types and number, as well as necrotic or abscising needles,
presence/absence of cankers, aecia, and spermatia. Resistant or
susceptible phenotypes were determined based on stem canker
development as described previously (Schoettle et al., 2014;
Sniezko et al., 2016). For the seedlings inoculated in 2017,
number of needle spots was assessed approximately 8 months
after inoculation, and presence/absence of spots, and number,
type, and severity of stem infections as well as vigor was assessed
approximately one year following inoculation.

Consistency for MGR phenotypic expression was estimated
using % tests by comparing phenotypic segregation of the same
families inoculated in the two different years or with that from a
previous report (Sniezko et al., 2016).

Linkage Group (LG) Wide Association
Study of Resistance to C. ribicola in
Alberta Seed Families

Genomic DNA was extracted from needle tissues using a
QIAGEN DNeasy Plant Mini kit. Previous studies mapped Cr4
in USA sources on the Pinus consensus LG8, which positioned
25 and 775 genes, respectively (Liu et al., 2016; Liu et al., 2019).
Here the limber pine LG8 in USA sources (Supplementary
Table S2) was updated by map integration using MergeMap
software (Wu et al,, 2011). To address the question of whether
the MGR observed in the Alberta seed families was different from
Cr4 found in the Colorado and Wyoming populations, genes
were selected throughout LG8 for SNP genotyping. Based on SNPs
within their coding regions, Sequenom iPlex genotyping arrays
were designed and used to genotype seedlings of seed families
identified with MGR segregation. SNP genotyping was performed
using the Sequenom iPlex MassARRAY platform (Sequenom, San
Diego, CA, USA; Gabriel et al,, 2009) at the Genome Quebec
Innovation Centre, McGill University, Montreal, Quebec.

The extent of linkage disequilibrium (LD) was investigated
along LG8, and a matrix of the squared allele frequency
correlations (°) was constructed between all possible pairs of
SNP loci with minor allele frequency (MAF) >5%. Association of
markers with the resistant phenotype in the Alberta seed families
was performed using a general linear model (GLM) and a mixed
linear model (MLM) with the TASSEL software version 5.0
(Bradbury et al., 2007). In the GLM, p-values for marker effects
were adjusted by 10° permutations (Churchill and Doerge, 1994).
To avoid spurious marker-trait associations that might result
from population stratification or relatedness (Yu et al., 2006; Eu-
ahsunthornwattana et al., 2014), the MLM included both fixed
and random effect covariates which accounted for population
structure and relatedness in genome-wide association studies
(GWAS). In the MLM, proportions of individuals belonging to
subpopulations were estimated as the Q matrix; average
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relationship between individual seedlings was estimated by
kinship (K) calculated from genotypes of the SNP loci.
Manhattan plots and quantile-quantile (Q-Q) plots were used to
graphically present the results of association tests. The R squared
values of markers (%) were calculated and used to explain the
proportion of phenotypic variation explained by each SNP locus.
Associated SNPs and polymorphic genes were annotated based on
their homologies to the available databases (NCBI-nr, PIR, KEGG,
and GO) using BLAST2GO (Gétz et al., 2008).

Genetic Interaction Modeling

Gene-gene interactions were detected by the generalized MDR
(GMDR) approach using the GMDR software package (Winham
and Motsinger-Reif, 2011; Hou et al., 2019) to study the genetic
interaction effect on the limber pine MGR. A 10-fold cross-
validation procedure and 10-time random seed number were
used to minimize potential for false positives. The best model was
selected through an exhaustive search based on maximizing
cross-validation consistency, training balance accuracy, and
testing balance accuracy at a significance p < 0.05.

Development of TagMan Assays

as MAS Tools

Based on results of the association analysis performed above, the
top SNP loci with strong phenotypic association and potential R
gene functional candidates were selected for design of TagMan
assays (Table S3). SNP genotyping was performed as described
previously (Liu et al,, 2020). TagMan assays were first verified
using genomic DNA extracted from megagametophyte tissues of
at least one of the USA seed families previously used for genetic
map construction (Liu et al, 2016), and then tested using the
Alberta seedlings, including both the MGR-segregating and
susceptible families identified in the present study. The genotype
of each seedling was analyzed using the genotyping assays
according to the manufacturer’s instructions (Applied
Biosystems). A 7500 Fast Real-Time PCR system (Applied
Biosystems) was used to run quantitative PCR. PCR hot-start
was activated at 94°C for 15 min, followed by 40 cycles at 94°C for
20 s and 60°C for 60 s. Genotypes at each SNP locus were called
using the TagMan Genotyper Software (Applied Biosystems). To
assess the potential application of TagMan assays as MAS tools,
their accuracy for phenotypic selection was calculated as the ratio of
the number of individual samples with agreement between
genotypes and phenotype to the number of all individuals.

RESULTS

Phenotypic Segregation of Resistance
Trait

Phenotypic segregation for cankered and stem symptom-free
seedlings was observed in four seed families: PB #2, #7027,
#6470, and #6665 (Figure 1, Table S1). These families fit with
the expected Mendelian segregation ratios at either 1:1 for
families #7027, #6470, and #6665 () tested p values ranging
from 0.68 to 1) or 3:1 for the family PB #2 (y* tested p=0.13)

(Supplementary Table S1), indicating that those seed trees are
putatively heterozygous for MGR. In contrast, 95% to 100% of
the seedlings from the other six seed families were cankered, and
they were identified as susceptible (Figure S1, Table S1). These
tested seed families were selected from fields where the wild
stand infection rates were in a range of 83%~95% (Table S1).
Identification of multiple MGR families from disease-free trees in
the field by our controlled trials indicates that natural selection
tends to increase frequency of resistance alleles in the survivors.
In a comparison of the 2016 and 2017 inoculation trials with
greenhouse and outdoor conditions respectively, segregation
ratios were highly consistent for families #7027, #6470, and
#6665 () tested p values ranging from 0.29~0.62). PB #2 was
not included in the 2017 inoculation trial, but its phenotypic
segregation ratio from a 2014 inoculation (Sniezko et al., 2016)
was also not significantly different from that of the 2016 trial ()*
tested p = 0.80). This consistency of MGR phenotypic segregation
indicates that there was no obvious environmental interaction for
MGR phenotypic expression across Alberta MGR seed families.

Linkage Disequilibrium (LD) of SNPs

Along LG

Sequenom iPlex arrays were used for SNP genotype analysis across
the four MGR-segregating seed families identified above. To reveal
genetic correlations of SNP loci along LG, we first assessed LD levels
between SNP loci using the # statistic. As expected, high LD, or
complete LD (* = 1) was detected for the SNP pairs in the same
genes or in different genes located at the same genetic position on
LGS8. Average 1~ between two SNP loci separated by distances less
than 10 cM was 0.96 in the family PB #2 and 0.25 across the four
families. The high average r° values at less than 10 ¢M indicate that
the association mapping was powerful enough to detect causal loci
at a relatively long distance in these limber pine populations using
multiple seed families. A scatterplot of LD decay over genetic
distance (cM) was generated to estimate the LD decay trend.
Nonlinear regression revealed that LD decay was rapid as
distances between the two markers increased (Figure 2),
indicating that SNP markers with short-range LD likely have high
reliability for MGR selection within limber pine seed families. When
the distance between two SNP loci reached 25 c¢M, r* values
decreased to 0.50 or 0.07 in the family PB #2 (Figure 2A) and
across the four families (Figure 2B), respectively. Because a high
mutation rate with frequent recombination events generally
decreases LD, we further checked the Cr4-related LD across the
four seed families and found that LD decay between the Cr4 locus
and SNP loci was faster than that between pairs of all SNP loci along
the LGS, with the average 1* value significantly lower (0.04 vs. 0.11,
t-test P < 0.001) when the distance was over 25 cM (Figure 2C).

LG-Wide Association Study Identifies Cr4 as
the R Locus in Four Alberta Seed Families

In family PB #2, LG-wide association analysis using the general
linear model (GLM) detected a total of 23 SNP loci (Table S4) in
significant association with the resistant phenotype. r° for these
23 SNP markers ranged from 0.099 to 0.839 (p < 0.05 after
correction by 1 x 10° permutations). The resistance-associated
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FIGURE 1 | Geographic locations of limber pine seed families used in this study. Families with major gene resistance from Alberta (this study and Sniezko et al.,
2016) and a subset of those found from Wyoming and Colorado (Schoettle et al., 2014) that were used in this study are labeled with red stars.

SNPs were distributed in 17 genes localized on LG8 from
positions 18.33 ¢cM to 156.48 cM. Based on the LG8 genetic
map updated in the present study (Figure S1, Table S2),
M287456 was on one side and M304083 was on the other side
of Cr4 at 0.43 and 1.11 cM, respectively. The Manhattan plots of
-Log10 (p values) or marker-Rsq (7 values) on a genome scale
with marker positions (cM) across LG8 (Figure 3A, Figure S2)
each had a single peak of significant marker-trait associations,
near 126.80 cM where Cr4 and its candidate genes were localized
for MGR to C. ribicola. SNP M304083Y displayed the strongest
association with the resistant phenotype (° = 0.839), followed by
M287456-634R and M287456-700R with 1 = 0.730 (Figure S2).

Association analysis across all four open-pollinated seed
families detected 18 SNP loci within 13 genes in significant
association with the resistant phenotypes (Figure 3B, Figure
S2B, and Table S5). These GLM-based results were well
supported by an association analysis using a mixed linear
model (MLM) (Figures 3C, D). As presented by Manhattan
plots and quantile-quantile plots, MLM-based association tests
detected 5 and 7 SNP loci with significant association with MGR
in the PB #2 family and all seedlings across the four segregating
families, respectively (Figures 3E, F and Supplementary Table
S5). All association tests consistently showed co-localization of
spikes of association with Cr4, indicating that the R locus was the
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FIGURE 2 | Scatter plot of the estimates () of linkage disequilibrium (LD) decay
for pairs of single-nucleotide polymorphisms (SNPs) in Alberta limber pine seed
families with major gene resistance (MGR), with genetic distance in centimorgans
(cM) within the Pinus consensus linkage group 8 (LG8). The curves are nonlinear
regressions of LD decay () onto distance in cM. (A) LD decay detected in the
progeny of family PB #2; (B) LD decay detected in the progeny of all four MGR
Alberta seed families; (C) Comparison of the LD decay estimates () for pairs of
SNPs and for pairs of Cr4 coupling with one SNP locus. Pooled data from all
surveyed SNPs were used to estimate LD decay based on distances between
two loci at 10, 25, 50 cM, or LG-wide. Two and three stars indicate significant

difference by t-test at p < 0.01, and p < 0.001, respectively.

same (Cr4) or very closely positioned in Canadian and USA seed

families despite the large geographic distance between them.
SNP loci were further checked manually in each of four MGR-

segregating open-pollinated seed families from Alberta, ranking

a total of 12 SNPs, including M287456-700R and M304083Y as
identified above by GLM and MLM, as the top SNPs with strong
phenotypic association in at least one seed family (Figure 4).
Most of them were positioned within 5 cM of Cr4 (Supplementary
Figure S1). Three and four SNPs co-segregated with resistant
phenotypes in families #6665 (M124413Y, M304083Y, M286917Y,
and M326511R) and #7027 (M118650W, M141475Y1, and
M304083Y), respectively. Of these SNPs, M124413Y and
M326511R were not detected by GLM and MLM runs across all
four seed families due to the small sample size (34 seedlings) of seed
family #6665.

Annotation of Polymorphic Genes
Associated With MGR in Alberta Limber
Pine Families

In total, 25 associated SNPs distributed across 19 unigenes were
identified. Nine polymorphic genes were localized within 5-cM of
Cr4 (Table S5). All 19 associated unigenes showed significant
homology hits in the Arabidopsis proteome by BLAST analysis
(Table S6). Three genes had unknown function (M355530,
M445775, and M124413), and 16 genes were assigned putative
biological functions by BLAST-2-GO-based gene annotation.
These included two R analogs of the NBS-LRR family
(M463406 and M287456), two regulators for signal transduction
pathways (M187937: RAB GTPase homolog G3D and M438219:
little nucleil-LINC1), three transcriptional factors (TFs; M296815:
CCCH-type zinc finger protein with ARM repeat domain,
M141475: GRAS family transcription factor, and M160798:
Tesmin/TSO1-like CXC domain-containing protein). Five
associated genes were involved in defense responses to biotic
and abiotic stressors, including expansin-like B1 (M176778),
galactinol synthase 1 (M204077), stress responsive o/ barrel
domain protein (SRBP, M304083), pectin acetylesterase (PAE,
M286987), and 6-phosphogluconate dehydrogenase (6PGDH,
M259257). The remaining four genes were revealed to have
functions involving ribosomal protein L12 (M444092), cytidine/
deoxycytidylate deaminase (DCTD, M286987), nucleotide-
diphospho-sugar transferase (M362778), and proline-rich
spliceosome-associated (PSP) family protein (M118650).

Gene-Gene Interactions Associated With
Limber Pine MGR

Modeling interactions between MGR-associated genes revealed
three gene-gene models with the highest order. Consistent with
results from the GLM and MLM-based association tests (above),
a one-gene model was first identified with the SRBP gene
(M304083Y) for MGR; it scored 10/10 for cross-validation
consistency. A two-gene interaction was identified between
SRBP (M304083Y) and DCTD (M286987Y), while a three-
gene interaction was identified among SRBP (M304083Y),
NBS-LRR (M287456-700R), and 6PGDH (M259257Y) which
scored 9/10 and 7/10 for cross-validation consistency, respectively.
The 10-fold cross validation for significance test showed all top
tree models with p = 0.001 (Table S7).
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FIGURE 3 | Graphical representation of test results showing strong association of SNPs with resistance to Cronartium ribicola. The Manhattan plots for resistance
show —log10 p-values from linkage group 8 (LG8)-wide scan in Alberta seed families plotted against positions around the putative Cr4 locus. The x-axis represents
SNP locations (cM) on LG8, and the y-axis represents —log10 p-values from genotypic associations with the resistance phenotype. The dash lines mark the
threshold of p-values in Manhattan plotting. (A) Association test using GLM with family PB #2; (B) Association test using GLM with all samples of four Alberta seed
families; (C) Association test using MLM with family PB #2; (D) Association test using MLM with all samples of four Alberta seed families. Quantile-quantile (Q-Q)
plots showing the enrichment of association signals with observed p-values against the expected distribution under the null hypothesis. In the Manhattan plots
(A-D), Cr4 was included in grey dots to show its position on LG8. LG8 was updated by integrating genetic maps described previously (Liu et al., 2016; Liu et al.,
2019). (E) Q-Q plot showing results of MLM run using family PB #2. (F) Q-Q plot showing results of MLM run using all samples of four Alberta seed families.

GMDR analysis calculated interactive variables in the score
distributions, with a positive score for the MGR resistant group
and a negative score for the susceptible group (Figure S3). The
one-gene SRBP model detected uncertainty of MGR phenotypes
for trees carrying SRBP genotypes (M304083-TC and CC) (Figure
S3A). In the two-gene interactions of SRBP x DCTC, four
genotypes in combinations of SRBP (M304083-TT and TC) and
DCTD (M286987-CC and TC) were detected as the resistance
interactive variables in the GMDR score distributions while
seedlings with genotype SRBP (M304083-TC) in combinations

with DCTD genotypes M286987-TC showed a higher potential to
be susceptible than to be resistant (Figure S3B), decreasing false-
positive diagnoses from the one-gene model. The uncertainty of
MGR phenotypes resulting from SRBP genotype M304083-TC
and CC was minimized in the three-gene model of SRBP, NBS-
LRR and 6PGDH interactions (Figure 3C). SRBP genotype
M304083-TC in combination with NBS-LRR genotype
M287456-700AG was modulated to be susceptible (—0.6 vs. 0.0)
while SRBP genotype M304083-CC in combination with 6PGDH
genotype M259257CC was modulated to be resistant (0.4 vs. 0.0).
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Development of TagMan Arrays as

MAS Tools for Breeding of

Limber Pine Resistance

Because M304083Y had the highest marker-Rsq (°) across all
four families and M287456 was a NBS-LRR candidate, SNP loci
within both genes were selected to design TagMan assays (Table
§4). SNP genotypes detected using TagMan assays and the
Sequenom MassARRAY iPLEX platform were consistent,

indicating that both technologies were highly reliable for SNP
genotyping in limber pine. The TaqMan assays revealed
genotypic segregation at the M304083-485Y locus in the
progeny populations of four seed families, showing that the
parent trees of all four MGR families have a T/C genotype at
the M304083-485Y locus. In their progenies, T/T and T/C were
linked to the resistant phenotype while C/C was linked to the
susceptible phenotype. The genotype-phenotype matching rates
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were 100% in the family #7027, 97.4% in the family PB #2, 97.1%
in the family #6665, and 95.8% in the family #6470 (Figure 4),
consistent with the results from the GLM and MLM-based
association tests and GMDR modeling. Among parents of the
six susceptible families (Figure 1, Table S1), five had the
homozygous genotype C/C, and one had the heterozygous
genotype C/T at the M304083-485Y locus. These results
demonstrated that this TagMan assay was an excellent MAS
tool for MGR selection for the four Alberta MGR seed families.
The TagMan assay M287456-700R was valid with a genotype-
phenotype matching rate of 95.4% in seed family PB #2, with A/
A linked to the resistant phenotype and A/G linked to the
susceptible phenotype. However, this locus was detected as a
G/G genotype in the majority of progeny of the other three MGR
seed families. Notably, the M304083 gene encoded a protein with
unknown function and the gene M287456 was a Cr4 candidate
encoding a putative NBS-LRR protein (Table S5). Additional
studies will be needed to confirm the functional contributions of
these proteins to disease resistance in WPBR pathosystems.

DISCUSSION

Association Mapping in Limber Pine
Open-Pollinated Populations

The present study documented MGR in three additional Alberta
seed families as well as the previously identified PB #2, identifying
new resistant germplasm to incorporate into the limber pine
restoration program (Alberta Whitebark and Limber Pine
Recovery Team, 2014). An association approach was used to
map MGR because these four seed families originated in different
areas and were open-pollinated with unknown pollen sources from
natural stands. Because the presence of LD or allelic association is a
prerequisite for association mapping, LD decay among SNPs using
several Alberta open-pollinated limber pine families was examined.
LD decay was detected with 7* = 0.5 over 25 cM in the seed family
PB #2, a similar level to biparental populations in other species
(Flint-Garcia et al., 2003). We consistently found that the extent of
LD was much higher in one open-pollinated family than that in the
combined progeny of multiple parent trees in limber pine,
indicating the latter had a greater genetic variability. Despite this
high diversity, LD decay in a progeny population across four limber
pine families (~10 cM at 7> 0.1) was much slower than in diversity
panels as reported in other conifers (Plomion et al., 2014;
Westbrook et al., 2015).

Association study results are commonly affected by the
diversity of sampled individuals and population size. While
previous studies assessed populations with <100 samples (Hart
and Griffiths, 2015; Chang et al., 2016; Corwin et al., 2016), we
sampled over 200 seedlings across four seed families; this allowed
successful detection of SNPs associated with Alberta limber pine
MGR. GWAS uses LD to identify markers associated with traits
of interest that are segregating in target populations. Although
unrelated populations are typically used in GWAS with case
control designs, family-based GWAS designs are widely used to
determine association between markers and traits within

families. Compared to GWAS with case control designs using
unrelated populations, GWAS with family-based designs is more
powerful for detecting associated markers by avoiding artifacts of
stratification at the population level (Lange et al., 2008). We used
family-based populations without cryptic population structure,
eliminating false positive marker-trait associations (Lipka et al.,
2015). We conducted association analysis using both GLM and
MLM. The latter assessed familial relatedness among individuals
using a kinship matrix for family-based association studies of
quantitative or binary traits (Eu-ahsunthornwattana et al., 2014;
Hart and Griffiths, 2015). The MLM identified fewer SNPs with
significant associations than did GLM, suggesting that MLM may
be overly conservative (Wang et al., 2012). Our association study
confirmed that the MGR in seed families from both the USA and
Canada was controlled either by the same R gene (Cr4), or
different R gene alleles positioned very close to each other.

Molecular Mechanisms Underlying Limber
Pine Resistance to C. ribicola
Association of DNA variants with phenotypes facilitates
elucidation of gene function and regulation as well as allelic
architecture of complex traits (Neale and Savolainen, 2004).
Based on the gene-for-gene model for plant disease resistance
(Flor, 1971), we expected to identify limber pine R alleles that
express host receptors interacting with effectors secreted by C.
ribicola cells. Most well characterized R proteins in molecular
plant-microbe interactions belong to the superfamilies of NBS-
LRR and receptor-like protein kinases (RLK), acting either as
intracellular or cell-surface receptors for reorganization of
pathogenic effectors (Glazebrook, 2005). Of the two NBS-LRR
genes associated with limber pine MGR, M287456 was mapped
within a genetic distance < 0.5 cM of Cr4. Two M287456 SNPs
were among the most significantly associated with the MGR
phenotype. However, M287456 showed only limited similarity to
its closest homologs in the sugar pine (P. lambertiana Dougl.)
genome (Stevens et al,, 2016) and western white pine (P. monticola
ex D. Don) transcriptome (Liu et al., 2019), suggesting that it
might have evolved recently, after diversification of the subgenus
Strobus. This data supports our hypothesis that M287456 is the
top R candidate for MGR against WPBR in Alberta seed families.
NBS-LRR proteins specifically target pathogenic effector
proteins, initiating effector-triggered immunity (ETI) through
signal transduction networks (Chisholm et al., 2006). A series of
immune signaling components and TFs contribute to ETI
downstream responses, including ion flux, oxidative reactive
oxygen species (ROS) burst, activation of defense-responsive
genes that facilitate syntheses of pathogenesis-related proteins,
callose deposition, and hypersensitive response (HR)-related
programmed cell death, which is a phenotypic expression of a
typical resistance trait (Buscaill and Rivas, 2014). We identified
two signaling components (homologs of RAB GTPase and
LINCI1) in association with MGR in Alberta limber pine. Small
GTPases are well characterized as signaling components in
activating defense responses through regulation of reactive
oxygen species (ROS) during plant-microbe interactions (Rivero
et al, 2019). For example, GTPase RabA4c overexpression
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enhanced callose deposition at an early infection stage and caused
complete penetration resistance to the virulent powdery mildew
(Ellinger et al, 2014). Arabidopsis LINC1 is a positive PTI
regulator and plays a key role in jasmonic acid signaling and
glucosinolate biosynthesis; lincI mutants showed basal immunity
towards Pseudomonas syringae and enhanced resistance to
Botrytis cinerea infection (Jarad et al., 2020).

Among three MGR-associated TF genes in limber pine,
the CCCH-type zinc finger proteins with ARM repeat domains
constitute a TF family with multiple roles, including maintaining
vegetative growth, enhancing stress tolerance, and stress-induced
reproduction in response to several different stressors (Blanvillain
et al, 2011). In western white pine, two CCCH-type zinc finger
genes were upregulated in response to C. ribicola infection,
including one exclusively responsive in the incompatible Cr2-
avcr2 interaction (Liu et al, 2013). In Arabidopsis, one family
member (oxidative stress 2, OXS2) is required for salt tolerance by
activating other downstream differentially expressed genes in the
defense response (Jing et al., 2019). The GRAS TF family consists
of multiple members that have different functions in plant
development, signal transduction, and stress response. Several
GRAS TFs are involved in regulation of cutin biosynthesis to
promote mycorrhizal colonization (Xue et al., 2015). Induction of
GRAS TF by fungal signals regulates the expression of
downstream genes required for cell morphology changes during
the host responses to obligate biotrophic fungi (Heck et al., 2016).
Overall, the signaling and TF genes involved in limber pine MGR
may imply the occurrence of cross-talk at different levels to
integrate multiple signal pathways during white pine-blister rust
(WP-BR) interactions.

Our study identified five associated genes involved in ETI
downstream responses. Among them, a SNP of gene M304083,
encoding a stress responsive o/} barrel domain protein, was most
significantly associated with MGR, followed by four other genes with
activities of expansin, galactinol synthase, PAE, and 6PGDH. The
stress-response 0/f3 barrel domain proteins have been known to be
upregulated in response to salt stress (Gu et al., 2004; Zhan et al,
2019). The expansin superfamily, including expansin-like B, causes
cell-wall loosening activity during cell expansion and other
developmental events where cell-wall structures are modified
(Sampedro and Cosgrove, 2005). The Arabidopsis expansin-like
A2 (EXLA2) gene was identified by its down-regulation in
response to infection by Botrytis cinerea, and its mutant showed
enhanced resistance to necrotrophic fungi and hypersensitivity to
abiotic stress (Abugamar et al,, 2013). Similarly, a western white pine
expansin transcript was down-regulated in the early incompatible
(Cr2-avcr2) WP-BR interactions (Liu et al, 2013). Galactinol
synthase participates in the biosynthesis of oligosaccharides,
promoting plant stress tolerance to heat, chilling, salinity and
oxidative damage (Panikulangara et al, 2004; Nishizawa et al,
2008). In contrast to expansin, galactinol synthase was
transcriptionally upregulated in the early incompatible (Cr2-avcr2)
WP-BR interactions (Liu et al., 2013). PAEs catalyze the
deacetylation of pectin, and decreased pectin acetylation results in
increased resistance to microbial pathogens in transgenic plants
(Pogorelko et al., 2013). As revealed by transcriptome analysis of

mutants, Arabidopsis PAE9 activity affected transcript expression of
56 genes, mainly involved in oxidation-reduction reactions (Kloth
et al, 2019). 6PGDH is the third enzyme of the pentose phosphate
pathway and plays an essential role in oxidative stress defense
(Hanau et al, 2013). 6PGDH was highly accumulated following
pathogen infection in wheat, suggesting it is a key component in the
activation of host defenses (Li et al.,, 2017). These reports provide
further evidence to support the hypothesis that defense responsive
genes play an important role in limber pine resistance. This large set
of host genes works together to coordinate various molecular
mechanisms underlying limber pine MGR. However, further
studies are required to more fully characterize the related
molecular mechanisms contributing to host resistance in
WPBR pathosystems.

Development of MAS Tools for Limber
Pine Resistance Screening

Major gene resistance to WPBR is an excellent case study for
SNP development and validation of MAS tools because it is a
well-studied trait in five-needle pine breeding programs (Sniezko
etal., 2014). Of 25 associated markers that were mapped on LG8
in at least one of the USA MGR seed families (Liu et al., 2016; Liu
et al., 2019), the SNP marker M304083Y showed a 97.5%
genotype-phenotype matching rate across all tested seedlings
from four Alberta families, and it was successfully converted into
a TagMan assay. Our modeling of gene-gene interactions
revealed a potential to increase the selection accuracy of MAS
tools by combining multiple genetic loci. Based on sensitivity,
precision, specificity, design flexibility, and cost (Tajadini et al.,
2014; Broccanello et al.,, 2018), the TagMan SNP genotyping
technology was selected for use in limber pine and other conifers
(Liuetal., 2017; Liu et al., 2020). As a stress responsive ¢/[3 barrel
domain protein, M304083 may only function in the PTI
downstream response in the WPBR pathosystem. This gene
provides an excellent genomic target for selective breeding of
resistant individuals in related seed families.

The TagMan assay developed from a SNP site of the NBS-LRR
gene M287456 was revealed to be valid for MGR selection in only
one of the tested seed families (PB #2). Due to low level expression
of the NBS-LRR gene, only a partial fragment of M287456 was
assembled in the limber pine transcriptome. Our previous exome-
seq analysis mapped over 600 NBS-LRR gene sequences in limber
pine and most of them were mapped in clusters throughout the
genome. However, few NBS-LRR genes were mapped in the Cr4
region (Liu et al., 2019). The NBS-LRR family is highly
polymorphic and usually under diversifying selection pressure
during plant genome evolution (Zhang et al., 2016). We also
found that Cr4-related LD decay was much faster than the decay
for all other pairs of the detected SNPs at >25 cM, suggesting more
frequent recombination at this R locus. Availability of M287456
allowed fine dissection of the R locus by sequencing and mapping
of its homologs. Further work is needed to explore nucleotide
variations throughout the full M287456 gene and its homologs.
Additional SNP sites within this NBS-LRR Cr4-candidate and its
duplicated paralogs would have high potential for development of
new MAS tools through high throughput technologies, such as
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resistance gene enrichment sequencing (RenSeq) (Jupe et al., 2013).
Coupled with QTL or GWAS studies for host resistance to WPBR,
localizing all members of the NBS-LRR family across the genome
would allow fine-scale genetic dissection of limber pine MGR and
QDR to C. ribicola. As more novel genes are identified with strong
phenotypic association, characterizing SNP loci within them for
design of robust and deployable MAS tools will enhance limber
pine improvement programs.

Selection of favorable alleles or allelic combinations is a lengthy
process requiring breeding of outcrossing conifer species. In
genotypic selection focused on a few genes with large phenotypic
effects (such as MGR), application of MAS tools will enable
shortened breeding cycles by allowing precise prediction of
phenotypes for those genes. In limber pine breeding, ideal MAS
tools will allow testing of needles of parent trees in the wild to
determine if they have MGR, minimizing the need to wait to collect a
viable seed crop, grow and inoculate seedlings, or at least reducing the
number of seed families that must be tested to find MGR. Another
important use of MAS tools for MGRs is for genotypic confirmation
to support pyramiding of multiple resistance mechanisms. Some
types of QDR may also exhibit stem symptom-free traits. Infection by
virulent pathotypes may negate the MGR and allow observation of
QDR among seedlings. Therefore, MAS tools may be applied to
within-family selection for joint MGR and QDR as well as to forward
selection in seed orchards when incorporating new parents that have
both MGR and QDR genotypes.

MAS tools are too narrow for general use in more complex
traits which are controlled by multiple genes. Although modeling
of multiple gene interactions may expand the application of MAS
tools to larger areas with more complex genetic backgrounds,
genomic selection is a more attractive approach for breeders to
select and predict complex traits with minor gene effects. Genetic
characterization of genes or QTLs contributing to various complex
traits of interest is an essential prerequisite for genomics-based
breeding. GWAS and QTL identification for disease resistance are
still relatively rare in five-needle pines. When SNPs underlying
important quantitative traits are available from future GWAS and
QTL mapping, their conversion into similar genotyping arrays will
be useful for genomic selection in breeding programs. Our MAS
tools and genotyping arrays, as well as previously reported genetic
maps, offer valuable resources for future GWAS, QTL mapping,
and genomic selection of these complex traits in limber pine and
other related five-needle pines.

Future analysis aimed at assaying genetic variation across the
whole genome is likely to facilitate a much more comprehensive
elucidation of the genetic basis of phenotypic variation. Over 150
additional Alberta limber pine families from parents in heavily
infected stands are currently under evaluation for WPBR
resistance. As resistance related phenotypic data becomes
available from conservation and breeding programs in the
coming years, it would be interesting to expand the study to a
wider geographical area where other resistance mechanisms may
be present. Because the Sequenom-based SNP genotyping arrays
developed here were verified for their application in association
mapping of Cr4, these genotyping arrays can be applied to any
limber pine families to search for additional R genes. Novel R genes

will be confirmed in those families if all Cr4-linked SNPs of the
genotyping arrays show no association with resistant phenotypes.
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putative Cr4 gene was included with an expected r  value at 1. (A) Progeny of the
seed family PB #2; (B) Progeny of all four Alberta seed families.

SUPPLEMENTARY FIGURE 3 | Gene-Gene interactions for association with
major gene resistance detected by GMDR analysis. In each cell, the left bar
represents a positive score for the resistant group and the right bar a negative score
for the susceptible group. Resistant cells were indicated by dark shading,
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The methylerythritol 4-phosphate (MEP) pathway of isoprenoid biosynthesis produces
chlorophyll side chains and compounds that function in resistance to abiotic stresses,
including carotenoids, and isoprene. Thus we investigated the effects of moderate
and severe drought on MEP pathway function in the conifer Picea glauca, a boreal
species at risk under global warming trends. Although moderate drought treatment
reduced the photosynthetic rate by over 70%, metabolic flux through the MEP pathway
was reduced by only 37%. The activity of the putative rate-limiting step, 1-deoxy-D-
xylulose-5-phosphate synthase (DXS), was also reduced by about 50%, supporting the
key role of this enzyme in regulating pathway metabolic flux. However, under severe
drought, as flux declined below detectable levels, DXS activity showed no significant
decrease, indicating a much-reduced role in controlling flux under these conditions.
Both MEP pathway intermediates and the MEP pathway product isoprene incorporate
administered '3CO, to high levels (75-85%) under well-watered control conditions
indicating a close connection to photosynthesis. However, this incorporation declined
precipitously under drought, demonstrating exploitation of alternative carbon sources.
Despite the reductions in MEP pathway flux and intermediate pools, there was no
detectable decline in most major MEP pathway products under drought (except for
violaxanthin under moderate and severe stress and isoprene under severe stress)
suggesting that the pathway is somehow buffered against this stress. The resilience
of the MEP pathway under drought may be a consequence of the importance of the
metabolites formed under these conditions.

Keywords: carotenoid, chlorophyll, DXS enzyme, metabolic flux, alternative carbon source, MVA pathway

INTRODUCTION

Nearly all members of the vast isoprenoid family of metabolites are produced from the two
Cs diphosphate intermediates, dimethylallyl diphosphate (DMADP) and its isomer isopentenyl
diphosphate (IDP). These intermediates arise from two different pathways in plants, the mevalonate
(MVA) pathway located in the cytosol, ER and peroxisomes, and the more recently identified
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methylerythritol 4-phosphate (MEP) pathway localized in
plastids (Hemmerlin et al., 2012). While Cs units derived from
the MVA pathway are used in the formation of compounds such
as sesquiterpenes, sterols, brassinosteroids, triterpenes, dolichols
and farnesylated proteins, Cs units from the MEP pathway are
used in the production of isoprene, monoterpenes, diterpenes,
chlorophylls, and carotenoids as well as the gibberellin,
strigolactone and abscisic acid hormones. The extent to which
each of the two pathways contributes to the total DMADP/IDP
pool under various conditions has not been completely
elucidated. Eberl et al. (2018) suggested a contribution to the total
DMADP/IDP intermediate pool size from the MVA pathway,
under fungus infestation in poplar leaves. Dudareva et al. (2005)
showed that the MEP pathway provides IDP precursors for both
plastidial monoterpene and cytosolic sesquiterpenes synthesis in
snapdragon flowers and pointed out the possibility of a cross
talk between the two pathways. However, other studies showed
that cross talk between both pathways is not capable of rescuing
a pharmacological block in either pathway (Laule et al., 2003;
Rodriguez-Concepcidn et al., 2004).

Isoprenoids have a wide variety of functions in plant growth,
development, reproduction and defense. Among the MEP
pathway products, several classes protect against oxidative stress,
including carotenoids, tocopherols and isoprene. The formation
of these compounds might be favored under conditions leading
to oxidative stress, including high temperature, high light and low
water supply. Experiments with high light and high temperature
actually point to the possibility that metabolic flux through the
MEP pathway is reduced in a number of plant species because of
the inhibition of the two ultimate steps catalyzed by proteins with
oxygen-sensitive 4Fe-4S clusters, leading to the accumulation of
the intermediate 2-C-methyl-D-erythritol-2,4-cyclodiphosphate
(MEcDP) (Rivasseau et al., 2009). However, little work has
been done on the effects of drought in this context, and no
comprehensive study has been performed on the MEP pathway
in a conifer species. The effect of drought on plant metabolism
in general has been studied for many years, but most attention
has been focused on the increased synthesis of various osmolytes,
such as quaternary ammonium compounds and polyhydric
alcohols. There are also scattered reports on alterations in
other pathways of primary and secondary metabolism (Selmar,
2008; Guo et al, 2018; Mundim and Pringle, 2018; Ahkami
et al., 2019). Among isoprenoids, phytol and a-tocopherol in
Brachypodium distachyon were reported to increase during early
phases of drought vs. well-watered control plants, but declined
during later drought phases (Ahkami et al., 2019). Meanwhile,
secondary metabolite isoprenoids were shown in a meta-analysis
to generally increase during drought (Mundim and Pringle,
2018), but the systematic investigation of drought effects on an
isoprenoid pathway has not been undertaken.

Control of the MEP pathway is manifested at several
different levels of organization. The first enzymatic step, 1-deoxy-
D-xylulose-5-phosphate synthase (DXS), has been generally
assumed to be rate limiting based on studies in which
overexpression of the corresponding gene led to increases in MEP
pathway products (Estévez et al.,, 2001; Enfissi et al., 2005). In
Arabidopsis thaliana, DXS was shown to control approximately

80% of the metabolic flux through the MEP pathway in
photosynthetic tissue by metabolic control analysis (Wright et al.,
2014). DXS activity itself is regulated transcriptionally and post-
transcriptionally (Rodriguez-Concepcion, 2006; Banerjee and
Sharkey, 2014). In particular, feedback inhibition of DMADP
and IDP regulates DXS activity in some species (Banerjee
et al, 2013). Other factors regulating the MEP pathway
include the supply of the two initial substrates, glyceraldehyde-
3-phosphate and pyruvate (Banerjee and Sharkey, 2014).
Moreover, under certain conditions the intermediate MEcDP
is subject to efflux from the pathway (Wright et al., 2014;
Gonzalez-Cabanelas et al., 2015), and appears to be the
source of a plastid-to-nucleus signal that regulates salicylic
acid signaling (Xiao et al, 2012; Onkokesung et al, 2019).
Regulation of the MEP pathway has been well studied in
angiosperms (Banerjee et al., 2013; Ghirardo et al, 2014),
whereas information about gymnosperms, especially conifers,
is very limited, especially under drought. Here we investigate
the effect of drought on the MEP pathway in the widespread
boreal conifer Picea glauca, one of the few conifers that emit
both isoprene and monoterpenes (Loreto and Fineschi, 2015).
As boreal forests are increasingly affected by global warming
(Soja et al, 2007; Price et al, 2013), this study may help
understand the consequences of drought on tree metabolism in
a critical ecosystem.

We found drought to decrease metabolic flux through the
MEP pathway in P. glauca, although this decline was considerably
less than the declines in photosynthesis and transpiration
observed, and there was no apparent decrease in the levels of
most major MEP pathway products. Under moderate drought,
decrease in pathway flux seemed to be modulated by the activity
of DXS, but this enzyme had little contribution to the regulation
of the MEP pathway under severe drought.

MATERIALS AND METHODS

Plant Material and Drought Treatment

Young trees of white spruce [Picea glauca (Moench) Voss],
3 years old, were purchased from a local nursery in Jena, Germany
and grown outdoors at the Max Planck Institute of Chemical
Ecology under natural conditions. At the end of May 2015, the
trees were transferred inside a greenhouse with supplemental
lighting. Relative humidity was maintained between 50 and 60%,
light period was 14 h, and the temperature was 23°C:19°C,
day: night. The experiment was performed in August after
needles had fully expanded. Drought was applied by withholding
water. At the beginning of the experiment, trees were irrigated
and excess of water was allowed to drain for 2-3 h. Then
the initial pot weight was measured using a digital balance to
a precision of 1 g (model QS32A; Sartorius Instrumentation,
Gottingen, Germany). Subsequently, pot weights were recorded
daily. Each pot was enclosed with a bag to avoid soil evaporation.
Therefore, loss of water was attributed to plant transpiration
only. The experiment lasted 20 days. The availability of water
under the different stress regimes, was described by the fraction
of transpirable soil water (FTSW). The FTSW was calculated by
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using the daily pot weight according to the formula (Sinclair and
Ludlow, 1986; Ray and Sinclair, 1998):

FTSW = (daily weight — final weight)

/(initial weight — final weight)

The final pot weight was reached when soil water content no
longer supports transpiration and corresponded to the FTSW
endpoint (Sinclair and Ludlow, 1986). The relative transpiration
rate (RTR) of the trees was calculated by their daily transpiration
rate (TR), determined by daily pot weight loss, divided by the
average transpiration rate (ATR) of a group of well-watered trees
(Sinclair and Ludlow, 1986; Ray and Sinclair, 1998):

RTR = (TR/ATR) x 100

Over the course of the experiment, these well-watered trees were
irrigated daily until pot capacity and weighed. They were not used
in any further measurements. Three treatments were performed:
control, moderate drought and severe drought. We used five
trees for each treatment, and the treatments were sampled at
different times. The control trees were watered daily and sampled
only at the end of the experiment. Stressed trees, from which
water was completely withheld, were sampled when the target
RTR (50% for moderate stress at FTSW12, 20% for severe stress
at FTSW3) was achieved (Supplementary Figure S1). Sampling
consisted of measuring from one twig the photosynthetic rate and
isoprene emission, and labeling with '*CO, for 50 min. Afterward
the same twig was harvested for metabolite analysis. This twig
was always the youngest branch on the shoot, and had flushed
in the current year. After sampling, trees were allowed to dry
further until RTR was 10%, corresponding to the FTSW endpoint
(Sinclair and Ludlow, 1986).

Sample Processing

After '3CO, labeling for 50 min (see details below), twigs
were harvested, frozen immediately in liquid nitrogen, and
transferred to a —80°C freezer. Only needles were used for
biochemical analysis. After grinding, the total fresh weight was
measured. Analysis of chlorophylls, carotenoids, B-cyclocitral,
monoterpenes, and the DXS assay was carried out with fresh
tissue, while analyses of MEP intermediate metabolites, sugars,
and abscisic acid were carried out after freeze-drying. For each
tree, 100 mg of fresh tissue were weighed before and after freeze-
drying to determine fresh-to-dry weight conversion factors. Due
to the differences in leaf water content between stressed and
control trees all measurements were reported on a dry weight
basis. Rates of photosynthesis and isoprene emission were also
referenced to the dry weight of the needles.

Photosynthetic Rate Measurement

Photosynthesis was measured with a portable gas exchange
system (LI-6400; LI-COR, Lincoln, NE, United States) using
a chamber for measuring conifer needles supplied with the
instrument. Measurements were performed between 10:00 and
14:00 under conditions of photosynthetic photon flux density
(PPFD) (1000 pumol m~2 s~1). Leaf temperature was set at 30°C,

and the relative humidity in the cuvette ranged between 45 and
50%. After harvesting the measured tissue, A, the rate of carbon
fixation, was calculated on a dry weight basis according to the
LI-COR manual pages 16-51.

Abscisic Acid (ABA) Analysis

A 10 mg quantity of freeze-dried, ground leaf material was
extracted with 1 ml methanol containing 40 ng ml~! Dg-abscisic
acid (Santa Cruz Biotechnology, Dallas, TX, United States)
as an internal standard. The solution was incubated at 20°C
for 30 min in a heating block shaking at 1000 rpm. After
centrifugation at 18,000 x g at 4°C for 20 min, the supernatant
was analyzed by using an Agilent 1260 Infinity high-performance
liquid chromatography (HPLC) system (Agilent, Santa Clara, CA,
United States) coupled to an API 5000 tandem mass spectrometer
(AB Sciex, Framingham, MA, United States). A Zorbax Eclipse
XDB-C18 column (50 x 4.6 mm, 1.8 wm) was used for
the chromatographic separation with a formic acid (0.05% in
water)/acetonitrile gradient (flow, 1.1 ml min~!). ABA was
detected via multiple reaction monitoring and quantified relative
to the peak area of the standard.

Sugar Analysis

Freeze dried needles (5 mg) were extracted with 1 ml 80%
MeOH. The solution was vortexed for 10 min at ambient
temperature and centrifuged at 13,000 x g and 4°C for 5 min.
The extracts were further diluted 1:10 with water before analysis
on an Agilent 1260 Infinity HPLC system connected to an
API 5000 triple quadrupole mass spectrometer. An external
standard curve made with authentic standards (Sigma-Aldrich)
at concentrations ranging between 1.25 and 20.0 pg ml~! was
used for quantification. Samples were analyzed directly by LC-
MS/MS after a 1:20 (v/v) dilution in water. Separation was made
via hydrophilic interaction chromatography on an apHera NH,
polymer column (5 pm, 15 x 4.6 mm, Supelco, Bellefonte, PA,
United States). Water and acetonitrile were used as mobile phases
A and B, respectively. The elution profile was: 0-0.5 min, 80%
B in A; 0.5-13 min, 80-55% B in A; 13-14 min, 55-80% B
in A; and 14-18 min, 80% B in A. The ion spray voltage was
maintained at —4500 eV. The turbo gas temperature was set at
600°C. Nebulizing gas was set at 50 psi, curtain gas at 20 psi,
heating gas at 60 psi, and collision gas at 5 psi. Multiple reaction
monitoring (MRM) was used to monitor isotopic composition of
glucose and fructose by the following precursor ion — product
ion reactions: m/z 178.8 — 58.7, m/z 179.8 — 58.7, m/z 179.8
— 59.7, m/z 180.8 — 58.7 m/z 180.8 — 59.7, and m/z 180.8 —
60.70. For sucrose, we used m/z 340.9 — 58.8, m/z 341.9 — 58.8,
m/z 341.9 — 59.8, m/z 342.9 — 58.8 m/z 342.9 — 59.8, m/z 342.9
— 60.8, m/z343.9 — 58.8, m/z 343.9 — 59.8, m/z 343.9 — 60.8,
m/z 344.9 — 58.8, m/z 344 — 59.8, m/z 344.9 — 60.8, m/z 345.9
— 58.8, m/z 345.9 — 59.8, m/z 345.9 — 60.8, m/z 346.9 — 58.8,
m/z 346.9 — 59.8, m/z 346.9 — 60.8, m/z 347.9 — 58.8, m/z
347.9 — 59.8, m/z 347.9 — 60.8, m/z 348.9 — 58.8, m/z 348.9 —
59.8,m/z 348.9 — 60.8, m/z 349.9 — 58.8,m/z 349.9 — 59.8, m/z
349.9 — 60.8, m/z 350.9 — 58.8, m/z 350.9 — 59.8, m/z 350.9
— 60.8, m/z 351.9 — 59.8, m/z 351.9 — 60.8, and m/z 352.9
— 60.8. The percentage of '3C labeling in each metabolite after
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50 min was calculated by summing all *C atoms incorporated in
the sugar isotopes, and dividing this number by the overall sum
of unlabeled and labeled C atoms.

Analysis of Methylerythritol 4-Phosphate
(MEP) Pathway Intermediate Metabolites

and '3C-Labeling

To quantify the MEP pathway metabolites, 1-deoxy-D-xylulose 5-
phosphate (DXP), 2-C-methyl-D-erythritol 4-phosphate (MEP),
4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME), 2-C-
methyl-D-erythritol-2,4-cyclodiphosphate (MEcDP), isopentenyl
diphosphate and dimethylallyl diphosphate (IDP + DMADP),
samples of 5 mg dry weight were extracted twice with 250 pl
of 50% acetonitrile containing 10 mM ammonium acetate, pH
9.0. After vortexing and centrifugation in a micro-centrifuge at
20,000 x g for 5 min, 200 pl of the supernatant from both extracts
were combined, transferred into a new 1.5 ml tube and dried
under a stream of nitrogen gas at 40°C. The residue was dissolved
in 100 pl of 10 mM ammonium acetate, pH 9.0, and after
vortexing, 100 pl of chloroform was added. The upper aqueous
phase, separated by centrifugation at 20,000 x g, was transferred
into a new tube and diluted with 1 volume of acetonitrile. To
remove any precipitate, the supernatant was transferred to an
HPLC vial after centrifugation at 20,000 x g.

Methylerythritol 4-phosphate pathway metabolites were
analyzed on an Agilent 1260 Infinity HPLC system connected
to an API 5000 triple quadrupole mass spectrometer. A 5 pl
quantity of the extract was injected and the metabolites were
separated on a hydrophobic interaction liquid chromatography
(HILIC) XBridge Amide columns (150 x 2.1 mm, 3.5 pm;
Waters, Milford, MA, United States) with a HILIC guard column
containing the same sorbent (10 x 2.1 mm, 3.5 um) and a
SSI™ high pressure pre-column filter (Sigma-Aldrich, St. Louis,
MI, United States) using two solvents: 20 mM ammonium
bicarbonate adjusted to pH 10.5 with LC-MS grade ammonium
hydroxide (solvent A) and 80% acetonitrile containing 20 mM
ammonium bicarbonate, pH 10.5 (solvent B). The solvent
gradient profile started with 100% of solvent B, which decreased
to 60% in the first 15 min, followed by an isocratic elution with
100% solvent B. Separation was performed at 25°C with a flow
rate of 500 pl min~1.

The mass spectrometer was used in the negative ionization
mode with the following instrument settings: ion spray voltage
—4500 V, turbo gas temperature 700°C, nebulizer gas 70 psi,
heating gas 30 psi, curtain gas 30 psi, and collision gas 10 psi.
DXP and its isotope distribution were monitored by the following
precursor ion — product ion reactions: m/z 212.9 — 96.9, m/z
213.9 — 96.9, m/z 214.9 — 96.9, m/z 215.9 — 96.9, m/z 216.9
— 96.9, and m/z 217.9 — 96.9 [collision energy (CE), —16 V;
declustering potential (DP), —60 V; and cell exit potential (CXP),
—15 V]. MEcDP and its isotope distribution were monitored
by the following precursor ion — product ion reactions: m/z
277.0 — 789, m/z 278.0 — 789, m/z 279.0 — 78.9, m/z
280.0 — 78.9, m/z 281.0 —7 8.9, and m/z 282.0 — 78.9 (CE,
—38 V; DP, —50 V; CXP, —11 V). IDP/DMADP and their isotope
distributions were monitored by the following precursor ion —

product ion reactions: m/z 244.9 — 78.9, m/z 245.9 — 78.9,
mlz 246.9 — 78.9, m/z 247.9 — 78.9, m/z 248.9 — 78.9, and
mlz 249.9 — 789 (CE, —24 V; DP, —45 V; CXP, —11 V).
Analyst 1.6 software (Applied Biosystems) was used for data
acquisition and processing.

The metabolite concentrations were quantified by using
external standard curves and were normalized to unlabeled
standards added to each extract, after correction for natural *C
abundance. Normalization to added unlabeled standards was
accomplished by analyzing each sample twice, once with and once
without the addition of 25 ng of DXP, 55 ng of MEcDP, and 24 ng
of DMADP + IDP standards dissolved in 10 ml of water (Wright
et al, 2014). Percentage of '3C labeling in each metabolite after
50 min was calculated by summing all '3C atoms incorporated
in the various isotopologues, and dividing this number by the
overall sum of unlabeled and labeled C atoms.

Measurement of Isoprene Emission and

Incorporation of 13CO,

Isoprene emission was analyzed when needles were in the cuvette
for photosynthesis measurements. A proton transfer reaction
mass spectrometer (PTR-MS; Ionicon, Innsbruck, Austria)
(Lindinger et al., 1998) was employed with a Gas Calibration
Unit (Ionicon) to generate precise flows of an isoprene standard
for calibration. The PTR-MS was attached to the outflow of
the LI-COR 6400 cuvette. The drift tube pressure was 2.2-2.3
mbar and the E/N ratio (electric field/particle density) was 130
Td (1 Td = 1 Townsend = 107 cm? V~! s71). Isoprene
was monitored with the mass signal m/z 69. The raw count-
rate (cps) of the isoprene signal was normalized (ncps) to the
sum of the primary ion and water cluster, and to the drift
tube pressure. The average of the normalized signal during the
steady state period was used to calculate the emission rate, after
subtracting the background (empty chamber without needles).
In vivo labeling was accomplished by replacing the 12CO, in the
air entering the cuvette with BCO, (0.99 atom% 3C; Linde)
at the same ambient concentration (380 jtmol mol~!). Labeling
was performed for 50 min. The appearance of protonated masses
of isoprene was followed in the PTR MS by monitoring m/z 70
(13C12C4H9), mlz 71 (13C212C3H9), mlz 72 (13C312C2H9), mlz
73 (13C4'2CHy), and m/z 74 (}3CsHy). The percentage of 13C
labeling was calculated by summing all 1*C atoms incorporated
in the isoprene isotopes, and dividing this number by the
overall sum of unlabeled and labeled carbon atoms of isoprene
(Schnitzler et al., 2004). Isoprene emission was normalized to the
dry weight of the needles.

Preparation of Soluble Protein Extract
and Measurement of DXS Activity

Freshly ground needles (200 mg) were immersed in 1 ml of
extraction buffer containing 250 mM MOPSO (pH 6.8), 5 mM
ascorbic acid, 5 mM sodium bisulfite, 5 mM dithiothreitol
(DTT), 10 mM MgCl,, 1 mM ethylenediaminetetraacetic acid
(EDTA), 10% (v/v) glycerol, 1% (w/v) polyvinylpyrrolidone (PVP,
M; = 10,000), 4% (w/v) polyvinylpolypyrrolidone (PVPP), 4%
(w/v) Amberlite XAD-4, and 0.1% (v/v) Tween 20. Extraction was
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carried out in an 1.5 ml Eppendorf tube shaken in an Eppendorf
Thermoshaker at 4°C and 1400 rpm. After centrifugation for
20 min at 4°C and 20,000 x g, the supernatant was passed
through a 2 ml Zeba Spin desalting column with a 7 kDa
molecular weight cut-off (Thermo Scientific, Rockford, IL,
United States) to exchange the buffer to 50 mM Tris-HCI,
pH 8.0, with 10% (v/v) glycerol and 10 mM MgCl,. The total
protein concentration was estimated by measuring absorbance
at 280 nm using a NanoDrop 1000 UV-Vis spectrophotometer
(Thermo Scientific).

The DXS enzyme assay was carried out in accord with a
previous protocol (Wright and Phillips, 2014). Briefly, 30 pl from
the total volume of enzyme extract was combined with 70 pl
of assay buffer of 50 mM Tris-HCI, pH 8.0, with 10% (v/v)
glycerol, 10 mM MgCly, 2.5 mM dithiothreitol, 1 mM thiamine
pyrophosphate, 2 mM imidazole, 1 mM sodium fluoride,
1.15 mM molybdate, 1% (v/v) protease inhibitor cocktail, and
10 mM each of the substrates pyruvate and glyceraldehyde-3-
phosphate. The final volume of 100 Ll was incubated in a water
bath at 25°C for 2 h. As a control for non-enzymatic conversion
and the presence of assay product in the original plant extract,
30 pl of the enzyme extract were heated to 90°C for 10 min to
deactivate the enzyme, and then combined with 70 I of mixture
assay and incubated for 2 h as well. The enzyme reaction was
stopped by vigorously vortexing for 5 s with 100 1 of chloroform.
After centrifugation in a microcentrifuge to complete phase
separation, the upper aqueous phase, was transferred into a new
tube and diluted with 1 volume of acetonitrile. As an internal
standard, 25 ng of [13C5] DXP dissolved in water was added to
the final solution dissolved in water.

The enzymatic end product DXP was quantified on an
Agilent 1260 Infinity HPLC system connected to an API 5000
triple quadrupole mass spectrometer. DXP was separated via
hydrophilic interaction liquid chromatography with the column
and solvent system mentioned above for the analysis of MEP
pathway metabolites. The flow rate was 1 ml min~! with a
column temperature of 25°C. The solvent profile started with a
linear gradient from 0 to 16% A over 5 min and followed with an
isocratic separation for 10 min. After a linear gradient from 16
to 40% A over 5 min, solvent A was returned to 0% over 15 min
of equilibration. The mass spectrometer was used in the negative
ionization mode with the following instrument settings: ion spray
voltage —4500 V, turbo gas temperature 700°C, nebulizer gas
70 psi, heating gas 30 psi, curtain gas 30 psi, and collision gas
10 psi. DXP was monitored using the following precursor ion —
product ion transition m/z 212.95 — 78.9 and DXP. The DXP
produced by the DXS enzyme reaction was normalized to the
[13Cs] DXP internal standard monitored with the transition m/z
217.94 — 96.9.

Metabolic Flux Calculations

Plastidial concentrations of DXP, MEcDP and IDP + DMADP
were estimated by assuming that IDP + DMADP only occurred
in the chloroplast, and that only plastidial DXP and MEcDP pools
would be labeled on the time-scale of the labeling experiment
(50 min). Thus, the plastidial concentrations of DXP and MEcDP
were estimated by calculating the ratio of their final '*C-label

incorporation to that of IDP + DMADDP, and using these fractions
to determine plastidial content. As isoprene labeling could be
followed on-line instantaneously with the PTR-MS without the
need for individual sampling, these measurements were taken
as the instantaneous labeling state of the IDP + DMADP
pool. This assumption was justified since isoprene is produced
from DMADP in a single step, and the volatile isoprene gas
escapes from the leaf. Moreover the assumption was verified
experimentally by ensuring that the final label incorporation after
50 min in the isoprene and IDP + DMADP pools was identical
(Figure 5). Following an approach similar to Yuan et al. (2008),
the differential equations for label incorporation were integrated
to obtain an analytical expression for the fractional labeling of the
IDP 4+ DMADP pool with time as a function of the pool sizes of
DXP, MEcDP, and IDP + DMADDP, as well as the flux through the
pathway:

A? ]
ro=n - Ggager ()
B (_lt)
B-—A)B-C) P\ B

Cc? J
BCEICES e"p(_Et)] W

where f(t) is the fractional labeling of isoprene (which equates
to the fractional labeling of IDP + DMADP) as a function
of time, m is the maximal fractional labeling at the end of
the run, A, B, and C are the pool sizes of DXP, MEcDP, and
IDP 4+ DMADP, respectively, ] is the pathway flux and ¢ is time.
Equation (1) assumes that the pools of the other MEP pathway
intermediates (MEP, ME-CDP, MEP-CDP, and HMBDP) are
too small to significantly delay the label incorporation into
downstream metabolites; these intermediates were below the
limit of detection in the HPLC-MS analysis. To calculate the
flux, Eq. (1) was fitted to isoprene labeling time-courses obtained
from the PTR-MS [f(#)], with the plastidial pool sizes of DXP,
MEcDP and IDP + DMADP entered as parameters A, B, and
C, respectively (Supplementary Figure S2). The parameters m
and ] were obtained by minimizing the sum of squares of
the differences between model and data with the Levenberg-
Marquardt algorithm as implemented in the Python LMFIT
module (Newville et al., 2014).

Chlorophyll and Carotenoid Analysis

After grinding the needles in liquid nitrogen, 50 mg were
extracted in light-protected tubes with 1 ml of acetone by shaking
for 6 h at 4°C in the dark. After centrifugation for 5 min
at 2300 x g and 4°C, 800 pl of the extract was transferred
into a light-protected tube and 200 pl of water was added.
After centrifuging the samples for 1 min at 2300 x g and 4°C,
they were transferred to brown glass vials for analysis on an
HPLC Agilent 1100 Series with UV diode-array-detector. The
detector was set at 445 nm for carotenoids and at 650 nm for
the chlorophylls. These pigments were separated on a Supelcosil
column LC-18 (7.5 cm x 4.6 mm, 3 pm; Sigma Aldrich) by
using a gradient of acetone (solvent A) and 1 mM NaHCO3 in
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water (solvent B). The flow rate was 1.5 ml min~!. The initial
mobile phase consisted of 65/35% (v/v) solvent A/solvent B.
Then, solvent A was linearly increased up to 90% in 12 min
and to 100% in 8 min. 100% solvent A was kept for 2 min and
then decreased to 65% in 3 min. Quantification was done using
external standard curves. Authentic standards of chlorophylls
and B-carotene (Santa Cruz Biotechnology) were analyzed in a
range from 0.1 to 0.00625 mg ml~!. Lutein, neoxanthin, and
violaxanthin were considered to have the same response factors
as f-carotene.

B-Cyclocitral Analysis

A 100 mg quantity of fresh tissue was extracted with 1 ml of
methanol. The suspension was mixed by vortexing for 5 min
and centrifuged for 20 min at 20, 000 x g and 4°C. The
supernatant was centrifuged as above for 10 min, and 200 pl of
the new supernatant were taken for the analysis using an Agilent
1260 Infinity high-performance liquid chromatography (HPLC)
system coupled to an API 5000 tandem mass spectrometer.
p-Cyclocitral was separated on an Zorbax Eclipse XDB-C18
column (50 x 4.6 mm, 1.8 wm) Chromatographic separation was
performed by using a gradient of formic acid 0.05% in water,
(solvent A) and acetonitrile (solvent B). The flow rate was set
at 0.5 ml min~!. The initial mobile phase consisted of 95/5%
(v/v) solvent A/solvent B. Then, solvent A was decreased to 50%
in 2 min and held for 3 min. After solvent A was decreased to
0% in 9 min and held for 11 min, it was raised again to 95%.
p-Cyclocitral was monitored by following the precursor ion —
product ion reaction: m/z 153.191 — 109.0. Quantification was
done using an external standard curve made with an authentic
standard of B-cyclocitral (Sigma-Aldrich).

Monoterpene Content Analysis

According to the procedure of Martin et al., 2002 fresh needles
(100 mg) were immersed in 1.5 ml of tert-butyl methyl
ether containing 150 g ml~! isobutylbenzene as internal
standard, and shaken for 14 h at room temperature. The
ethereal extract was transferred to a fresh vial and washed
with 0.3 ml of 0.1 M (NH4),COs (pH 8.0) in order to
purify the extracted terpenes from other organic acids. The
sample was filtered through a Pasteur pipette column filled with
silica gel (Sigma 60 A) and anhydrous MgSO4. Monoterpene
analysis was performed by GC-MS with a Hewlett-Packard
6890 system, using a DB-WAX column (0.25 mm x 30 m,
0.25 pm, J&W Scientific, Folsom, CA, United States). Split
injection was carried out at 220°C. Helium was used as
carrier gas at a constant flow of 1 ml min~!. The GC was
programmed with an initial oven temperature of 40°C (3-
minute hold), a ramp of 5°C min~! until 80°C, then a ramp
of 5°C min~! until 200°C, followed by a final ramp of 60°C
min~! until 280°C (4-minute hold). For GC-FID analysis, the
flame ionization detector operated at 300°C. GC-FID- and
GC-MS-generated peaks were integrated using Hewlett-Packard
Chemstation software. Identification of terpenes was based on
comparison of retention times and mass spectra with those of
authentic standards or with mass spectra in the Wiley library.

In order to calculate needle monoterpene concentrations on a
ng mg~ ! dry weight basis, the residue of 100 mg extracted
material of each trees was dried and weighed as described
by Martin et al., 2002.

Statistics

The effect of drought treatment was tested using one-way
ANOVA. When test results were significant, the means were
compared using Tukey’s post hoc test at P < 0.05. Normality was
tested by the Shapiro-Wilk test.

RESULTS

Drought Treatment Reduces
Photosynthesis and Increases Abscisic
Acid (ABA) in White Spruce

By withholding water, two different drought treatments were
imposed on young Picea glauca (white spruce) trees. In the
moderate stress treatment, transpiration rate was reduced to 50%
of that in well-watered trees, which occurred when the fraction
of transpirable soil water (FTSW) was 12%. Under severe stress
transpiration rate was reduced to 20% of that in well-watered
trees, which occurred when the FTSW was 3% (Supplementary
Figure S1). Photosynthesis decreased significantly under drought
by an average of 70 and 96% under moderate and severe
stress, respectively (Figure 1). At the same time, the hormone
abscisic acid (ABA) increased by an average of 6.7- and 12.8-fold,
respectively, under moderate and severe stress (Figure 2).
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FIGURE 1 | Drought reduced the rate of photosynthesis A in white spruce
(Picea glauca). Photosynthesis declined under moderate (transpiration rate
50% of well-watered control) and severe drought treatment (transpiration rate
20% of control). Data shown are means of five biological replicate + SE.
Different letters indicate significant differences at P < 0.05.
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FIGURE 2 | Drought increased needle ABA content under moderate and
severe drought conditions. Data shown are means of five biological
replicate &+ SE. Different letters indicate significant differences at P < 0.05.

Drought Treatment Reduces
Photosynthetic Incorporation Into
Sucrose in Needles, but Not Sucrose

Content

To investigate the effect of drought on basic carbohydrate
metabolism in white spruce needles, we measured '*CO,
incorporation into glucose, fructose and sucrose. Incorporation
into sucrose declined significantly by an average of 53 and 69%
under moderate and severe stress, respectively, as a consequence
of reduced photosynthesis, while incorporation into glucose and
fructose was not affected (Supplementary Figure S3).

Drought Reduces Pools of Some MEP
Pathway Intermediates and the Emission
of the MEP Pathway Product Isoprene

The MEP pathway intermediates 1-deoxy-D-xylulose
5-phosphate  (DXP) and  2-C-methyl-D-erythritol-2,4-
cyclodiphosphate (MEcDP) declined = significantly under

moderate and severe drought stress in white spruce (Figure 3).
By contrast, the pool of dimethylallyl diphosphate (DMADP)
and isopentenyl diphosphate (IDP), present at less than half the
level of the other intermediates measured, showed no change
under both stress levels. Emission of isoprene, an immediate
volatile product of the MEP pathway, was significantly reduced
by over half only during severe stress (Figure 4).

Drought Reduces Relative Incorporation
of 13C0O, Into MEP Pathway
Intermediates and Isoprene

During the 50 min time course of '*CO, labeling under
control conditions, DXP and MEcDP were labeled to nearly
75% while labeling of DMADP + IDP and isoprene reached
87 and 85%, respectively (Figure 5). A typical pattern of

isoprene labeling under all condition, is shown in Supplementary
Figure S4. Among the isotopologues measured, the fully labeled
molecule (m/z 74) was the most abundant at all time points
after 20 min (Supplementary Figure S5). However, under
moderate stress, labeling of DMADP + IDP and isoprene
from 3CO, was 60%, and DXP and MEcDP still showed
significantly lower incorporation than DMADP + IDP and
isoprene. Under severe stress, incorporation into all MEP
pathway intermediates and isoprene was only 10-20% (Figure 5).
Considering isotopologues, the fully labeled molecule was only
a minor component under both moderate and severe stress
(Supplementary Figure S5). Thus increasing drought led to
increased contribution of alternative carbon sources to the MEP
pathway, rather than newly made products of photosynthesis.

Drought Decreases Metabolic Flux

Through the MEP Pathway

Metabolic flux through the MEP pathway was calculated from
the 13C labeling of isoprene from *CO, with time as a function
of the pool sizes of the intermediates measured. The labeling
of the pathway product isoprene was used since it could be
conveniently assessed over the time course and was equivalent
to the labeling of the final pathway intermediates, DMADP
and IDP (Figure 5), as might be expected since isoprene is
produced in a single enzymatic step from DMADP and released
from the plant immediately as a volatile gas. Metabolic flux
declined significantly (37%) under moderate drought (Figure 6).
Under severe drought, metabolic flux could not be calculated
because of the lack of sufficient incorporation of 3C for
accurate measurement.

Drought Reduces the Activity of
1-deoxy-D-xylulose 5-phosphate
Synthase (DXS)

The first step of the MEP pathway, the condensation of pyruvate
and glyceraldehyde 3-phosphate to form DXP, is catalyzed by
DXP synthase (DXS). The activity of DXS measured in vitro in
extracts of freshly ground needles was significantly reduced (50-
55%) under both moderate and severe drought treatments, but
no significant difference was observed between the two drought
levels (Figure 7). This decline was similar to that observed for the
product of the enzyme, DXP (Figure 3).

Drought Affects the Levels of Some
Carotenoid Pigments and a Derivative,
but Does Not Influence Chlorophyll

Content

The decrease in metabolic flux through the MEP pathway might
be expected to impact the levels of carotenoid and chlorophyll
pigments since carotenoids are wholly derived from the MEP
pathway while the Cyy side chain of chlorophylls a and b
is synthesized by the MEP pathway. However, the sum of
chlorophyll a and chlorophyll b did not show any significant
reduction with drought despite a declining trend (ANOVA one-
way P = 0.109) (Figure 8A), even though photosynthesis itself

Frontiers in Plant Science | www.frontiersin.org

October 2020 | Volume 11 | Article 546295


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Perreca et al.

Drought on the MEP Pathway

FIGURE 3 | Drought reduced the concentrations of the MEP pathway intermediates, DXP and MEcDP, but not DMADP + IDP in needles. Data shown are means of
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was strongly reduced under both moderate and severe drought
(Figure 1). Among the carotenoids, B-carotene (ANOVA one-
way P = 0.110) and lutein (ANOVA one way P = 0.449)
also did not decline significantly, although declining trends
were evident (Figures 8B,C). By contrast, the xanthophyll
violaxanthin showed a statistically significant reduction under
both drought treatments (Figure 8D) while neoxanthin was
reduced under severe drought (Figure 8E). An oxidized
derivative of B-carotene, B-cyclocitral, that quenches oxidant
species during oxidative stress (Ramel et al., 2012) increased
under severe drought (Figure 8F).

Stored Monoterpene Content Is Not
Influenced by Drought

Monoterpenes are major constituents of resins of P. glauca and
other conifers, and are also produced by the MEP pathway.
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FIGURE 4 | Drought reduced isoprene emission from needles as measured
with a PTR-MS. Data shown are means of five biological replicate & SE.
Different letters indicate significant differences at P < 0.05.

The pool size of stored monoterpenes in needles was not
influenced by drought treatments, and the amounts of individual
monoterpenes were also unaltered (Supplementary Table S1).

DISCUSSION

Decline in MEP Pathway Flux Under
Drought Is Partially Mitigated by Use of
Carbon Sources Other Than

Photosynthesis

Drought treatment of young Picea glauca trees in our study
caused a range of physiological and metabolic responses.
A decline in transpiration rate, 50 and 80% under moderate
and severe drought, respectively, coincided with a 72 and 96%
decrease in photosynthetic rate, respectively (Figure 1). These
changes were likely triggered by increased stomatal closure
(Chaves, 1991; Cornic, 2000), induced by a sharp increase in ABA
concentration, over 6- and 12-fold, respectively, under moderate
and severe stress (Figure 2).

Despite the steep drop in carbon fixation, metabolic flux
through the MEP pathway decreased by only 37% at moderate
stress. Our *CO, labeling data show that as the photosynthetic
rate declined, reliance on alternative carbon sources increased
to 40% under moderate stress and to 85-90% under severe
stress for both the DMADP + IDP pool and the direct product
isoprene (Figure 5 and Supplementary Figure S4). Alternative
carbon sources for isoprene have been suggested to include
chloroplast starch deposits, CO, recycled by photorespiration
and other respiratory processes, and glucose from xylem
transport (Kreuzwieser et al., 2002; Loreto et al., 2004; Schnitzler
et al., 2004; Jardine et al., 2014).

Based on the identical percentage of '3C incorporated
in DMADP + IDP and isoprene under all conditions, we
assume that the same alternative carbon sources employed
for isoprene are also used for the MEP pathway (Figure 5).
The use of alternative carbon sources under drought is
also suggested by changes in the relative labeling of MEP
pathway intermediates from '3CO,. Both DXP and MEcDP
had significantly lower percentages of incorporated *C than

Frontiers in Plant Science | www.frontiersin.org

61

October 2020 | Volume 11 | Article 546295


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Perreca et al.

Drought on the MEP Pathway

1

a
Isoprene F-c_r
€

Control
mmmmms Moderate

EEEENEE Severe

DMAPD+IDP

MEcDP

DXP

MEP pathway intermediates and
isoprene

13C Incorporation (%)

FIGURE 5 | Drought decreased '2C incorporation from 'CO5 into MEP pathway intermediates and isoprene under steady state conditions after 50 min labeling.
Data shown are means of five biological replicate & SE. Different letters indicate significant differences at P < 0.05.
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DMADP —+ IDP and isoprene under both control conditions
and moderate drought (Figure 5). These data indicate the
presence of additional pools of these intermediates outside
the chloroplast as previously measured in Arabidopsis for
MEcDP (Wright et al, 2014). These additional pools may
be located in the cytosol. The export of MEcDP from the
plastid to the cytosol has been previously reported (Xiao et al.,
2012; Zhou et al, 2012; Gonzalez-Cabanelas et al., 2015),
and this metabolite also participates in retrograde signaling
processes from the plastid to the nucleus. Although an extra

MEP pathway metabolic flux
(pmol mg dw! min')

Control Moderate

Drought treatment

FIGURE 6 | Drought decreased MEP pathway metabolic flux under moderate
stress conditions. Under severe stress metabolic flux was not detectable due
to very low 8C incorporation. Flux was calculated as described in the text.
Data shown are means of three biological replicate & SE. Different letters
indicate significant differences at P < 0.05.

plastidic pool of DXP was never measured previously, plastidial
uptake of exogenous DXP and its non-phosphorylated derivative
was shown in Eucalyptus globulus and Arabidopsis thaliana
(Wolfertz et al., 2003, 2004; Hemmerlin et al.,, 2006), and a
plastidial transporter capable of accepting DXP was described
in spinach (Fliigge and Gao, 2005). Under severe drought
DXP and MEcDP had similar *C labeling percentages as
DMADP + IDP and isoprene (Figure 5), pointing to the
disappearance of these additional pools and suggesting that the
intermediates are now localized exclusively in the chloroplast.
These additional quantities of MEP intermediates may help
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FIGURE 7 | Drought treatment caused a decline in the activity of DXS
measured in vitro in extracts of white spruce needles. Data shown are means
of three biological replicate + SE. Different letters indicate significant
differences at P < 0.05.
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buffer the pathway against declines in metabolic flux under
drought conditions caused by the decrease in photosynthetic rate.
Further investigation on the intracellular trafficking of DXP and
MEcDP may shed light on new mechanisms controlling the MEP
pathway during stress.

The mevalonate (MVA) pathway of isoprenoid biosynthesis,
localized in the cytosol, ER and peroxisomes, also produces
DMADP and IDP. However, our data give no support to a
role for products of the MVA pathway in supplying the MEP
pathway under stress. Import of DMADP or IDP from outside the
plastid would decrease *C incorporation in these diphosphate
intermediates and in the DMADP product isoprene. Yet under
drought there was no significant decline in '*C labeling of
either the DMADP + IDP pool or isoprene relative to the
earlier MEP pathway intermediates, and sometimes even an
increase (Figure 5). Thus the plastids did not import a supply
of prenyl diphosphate intermediates under drought. Moreover,

given that DMADP + IDP and isoprene always had the same *C
incorporation percentage under all treatments, one can conclude
that the only detectable pool of DMADP in the cell must serve as a
precursor to isoprene synthesis, and therefore belongs to the MEP
pathway and resides in the plastid where isoprene is made. This
suggests that the MVA pathway is not operating at all under our
experimental conditions, (see section “Materials and Methods”
for details). Similar '*CO, measurements of the illuminated
rosettes of Arabidopsis thaliana conducted by Wright et al., 2014
also found no evidence for measurable pools of DMADP outside
the plastid that could be attributed to the MVA pathway. This
previous study also found no evidence for labeling of MVA
pathway intermediates from '*CO; in illuminated A. thaliana
rosettes. The MVA pathway is also known from other studies to
be less active during the day due to the negative effect of light on
the transcription of pathway genes (Learned and Connolly, 1997;
Rodriguez-Concepcidn, 2006; Vranova et al., 2013).
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Down-Regulation of MEP Pathway Flux
During Moderate Drought May Be
Mediated by the Enzyme DXS

The down-regulation of the MEP pathway we observed under
moderate drought was exhibited not only in the 37% decline
of the metabolic flux (Figure 6), but also by declines of 40-
50% in the levels of the key intermediates, DXP and MEcDP
(Figure 3). In considering the mechanism for MEP pathway
reduction, we focused on DXS, the first enzyme of the sequence.
DXS was shown to be the principal rate-controlling step of the
pathway in photosynthetic tissue of Arabidopsis thaliana based
on metabolic control analysis (Wright et al., 2014). In addition,
increases in DXS gene transcript levels were found to correlate
with higher accumulation of MEP pathway end products (Estévez
et al, 2001). Here we demonstrated that DXS activity was
reduced by about 50-55% under moderate stress (Figure 7),
very similar to the decline in metabolic flux, suggesting that
this enzyme may well have modulated the down-regulation
of the pathway seen under these conditions. Regulation of
DXS activity also occurs post-transcriptionally (Rodriguez-
Concepcién, 2006; Hemmerlin, 2013; Banerjee and Sharkey,
2014). For example, DXS protein levels can be modulated
by the casein lytic proteinase (CLP) complex (Pulido et al.,
2016), which responds to changing environmental conditions.
In particular, long term stress and drought, have been shown
to increase some component of the CLP protein complex
(Zheng et al., 2002; Demirevska et al., 2008), which could
increase the removal of DXS during the process of protein
quality control (Flores-Pérez et al, 2008). In addition, DXS
activity can also be controlled by feedback inhibition of the
MEP pathway by the end product DMADP (Banerjee et al,
2013; Ghirardo et al, 2014). Further work is needed to
clarify the mechanism by which DXS catalysis is altered under
drought conditions.

1-deoxy-D-xylulose-5-phosphate synthase does not appear to
have a large role under severe drought since its activity did
not significantly change between moderate and severe drought
conditions (Figure 7), while the metabolic flux was reduced to
a level that was not measurable. This result suggests that the
MEP pathway is regulated in a very different manner under
severe drought than under moderate drought. An enzyme one
step beyond the MEP pathway that could also have a regulatory
impact is isoprene synthase (Brilli et al., 2007). Inhibition of
this reaction would reduce isoprene formation, as happened
under severe drought in this study (Figure 4), and result in
the allocation of DMADP to other MEP pathway products.
Other pathway enzymes may also exert more control, such
as 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR)
(Carretero-Paulet et al., 2006), 4-hydroxy-3-methylbut-2-en-1-yl
diphosphate synthase (HDS) (Wang et al., 2019) and 4-hydroxy-
3-methylbut-2-enyl diphosphate reductase, HDR.

Drought Effects on the Levels of MEP

Pathway Products
Despite the substantial decline in MEP pathway flux under
drought, we found no commensurate reduction in the major

products of the MEP pathway produced in photosynthetic
cells, the chlorophylls, lutein and f-carotene. Depending on
the turnover rate of these pigments, it is possible that the
drought treatment was not long enough to observe any net
depletion. Some depletion of B-carotene is indicated by the
sharp increase in B-cyclocitral, a B-carotene oxidation product
(Figure 8F). However, the B-cyclocitral detected represents
just a few percent of the total B-carotene pool. The decline
in the carotenoid violaxanthin was considerable under both
stress treatments but this is associated with the activation
of the xanthophyll cycle to dissipate excess radiant energy
via non-photochemical quenching and prevent the formation
of reactive oxygen species (Demmig-Adams and Adams III,
1996). Other MEP pathway-derived products that we did
not measure may have been reduced under drought, such
as the tocopherols and the prenylquinones: plastoquinones,
phylloquinones, and ubiquinones.

Under severe drought (but not under moderate drought),
there was a very significant reduction (>50%) in the MEP
pathway product isoprene. This may have diverted enough
MEP pathway flux to chlorophyll and carotenoid formation to
keep the pools of these pigments stable. However, transgenic
silencing of isoprene formation in poplar led to only slight
increases in the levels of chlorophylls and carotenoids (Behnke
et al., 2007; Ghirardo et al., 2014), but the outcome could be
different under severe drought. Under neither severe drought
nor moderate drought was there any significant reduction in
stored monoterpene formation. These findings are in agreement
with previous reports about the general lack of monoterpene
metabolism in conifer needles late in the growing season.
For example, in Picea abies, the size of the stored pool of
monoterpenes in current year needles did not change after the
first 2 months of growth in July, and did not change in older
needles at all over the entire growing season (Schonwitz et al.,
1990). Our experiment was conducted in August. Exposing Picea
abies to a low atmospheric CO, concentration (50 ppm) also did
not change the amount of monoterpenes stored in current year
needles (Huang et al., 2018).

Isoprene and Other MEP Pathway
Products May Help Alleviate the Effects
of Drought

The physiology and function of isoprene have been studied
for many years since isoprene, produced especially in woody
plants (Loreto and Fineschi, 2015), is the most abundant
hydrocarbon released into the atmosphere from the earth’s
vegetation (Sharkey and Yeh, 2001). Knowledge of isoprene
physiology and response to environment in conifers is not
as large as in angiosperms. Here we monitored isoprene
biosynthesis and emission in detail in white spruce under
moderate and severe drought. After 1*CO; incorporation, the
percentage of isotopic label in isoprene was virtually identical
to the percentage of labeling in the DMADP + IDP pool
under all conditions (Figure 5), confirming that DMADP is
the biosynthetic source of isoprene. Furthermore, isoprene is
formed directly from DMADP by a single reaction catalyzed
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by isoprene synthase and represents an efficient probe for
the operation of the MEP pathway. The percentage of 3C
labeling in isoprene from '*CO, reached 85% after a 50 min
time course under steady state conditions. The major role
for photosynthesis in providing fixed carbon for isoprene
biosynthesis, previously demonstrated in angiosperms (Brilli
et al, 2007), is here demonstrated for a gymnosperm,
P. glauca.

The continued production of isoprene under moderate
drought suggests that its function is still needed despite the
decline in photosynthetic carbon availability that occurs under
these conditions. Isoprene has long been suggested to protect
plants against high temperature and oxidative stress by various
mechanisms (Singsaas et al., 1997; Vickers et al., 2009; Velikova
et al., 2011; Pollastri et al., 2014), most recently by preserving
thylakoid membrane stability and elasticity (Pollastri et al., 2019).
However, a recent publication has suggested that isoprene may
not be abundant enough to function in these ways and may
instead act as a general signal for increased abiotic stress tolerance
(Zuo et al., 2019). Regardless of function, isoprene formation
and emission declined steeply under severe drought in our
experiment, a pattern seen in angiosperms as well (Funk et al.,
2004; Pegoraro et al., 2004; Brilli et al., 2007). Since continued
emission under moderate stress, but abrupt decline at higher
stress is widespread for isoprene emission in plants, further study
of the causes behind this pattern may help to shed more light on
isoprene function and MEP pathway regulation.

Changes in the levels of other isoprenoids under drought
in this study may also help to alleviate stresses associated
with low water supply. For example, the decline in the
carotenoid violaxanthin is associated with the activation of the
xanthophyll cycle. The increase in fB-cyclocitral under severe
drought may also help enhance tolerance toward oxidative
stress after its conversion to B-cyclocitric acid (D’Alessandro
et al., 2019). Although we did not measure tocopherols, these
isoprenoid antioxidants could also reduce oxidative stress.
Evidence for the alleviation of oxidative stress during drought
comes from the lack of accumulation of MEcDP under
these conditions. Previous studies showed an accumulation of
MEcDP during high light as a consequence of the susceptibility
to oxidative stress of the [4Fe-4S]-cluster contained in the
following enzyme 4-hydroxy-3-methylbut-2-en-1-yl diphosphate
synthase (HDS) (Rivasseau et al., 2009). By contrast, in our
experiment the MEcDP pool size was not increased at all,
but reduced. It is clear that the continued operation of the
MEP pathway during drought may make a critical contribution
to plant survival.

CONCLUSION

Under drought, white spruce trees significantly decrease their
metabolic flux through the MEP pathway, but this decrease is
not nearly as pronounced as the decrease in photosynthetic
carbon fixation and transpiration rate. Reliance on alternative
carbon sources besides photosynthesis is considerable under
drought, and contributes to the continued operation of the

MEP pathway. However, the other isoprenoid pathway (the
MVA pathway) was not one of these alternative sources.
More investigations are needed to determine how alternative
carbon sources are recruited to the MEP pathway under stress
and how this is regulated. The relative importance of the
MEP pathway under drought may be a consequence of the
number of pathway products shown to help protect against
drought-associated oxidative stresses, including carotenoids,
tocopherols and isoprene (Mattos and Moretti, 2015; Zuo
et al, 2019). Control of MEP flux under moderate drought
may be maintained by the well-known pathway regulator DXS.
Under severe drought, when the DXS enzyme exerts a reduced
role and isoprene emission drops, regulatory mechanisms
could involve other MEP pathway enzymes. Further research
is necessary to determine how a pathway that produces
so many anti-oxidant metabolites is kept in service under
drought. As the worlds climate warms, such knowledge
may be especially valuable for boreal tree species, such as
the white spruce.
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Hybridization is a potential tool for incorporating stress tolerance in plants, particularly to
pests and diseases, in support of restoration and conservation efforts. Butternut (Juglans
cinerea) is a species for which hybridization has only recently begun being explored. This
North American hardwood tree is threatened due to Ophiognomonia clavigignenti-
Jjuglandacearum (Ocj), the causal fungus of butternut canker disease (BCD), first observed
in 1967. Observational evidence in some wild J. cinerea populations indicates that
naturalized hybrids of J. cinerea with Japanese walnut (Juglans ailantifolia) may be more
tolerant to BCD than non-admixed J. cinerea, but this has not been formally tested in a
controlled trial. We aimed to examine potential BCD tolerance within and between
J. cinerea and J. cinerea x J. ailantifolia hybrids and to determine if there is a difference
in canker growth between BCD fungal isolates. Five-year-old J. cinerea and hybrid trees
were inoculated with two Ocj fungal isolates collected from natural infections found in two
different sites in Indiana, United States, and a blank control (agar only). Measurements of
both artificially induced and naturally occurring cankers were taken at 8-, 12-, 20-, 24-,
and 32-month post-inoculation. Differences in canker presence/absence and size were
observed by fungal isolate, which could help explain some of the differences in BCD
severity seen between J. cinerea populations. Smaller and fewer cankers and greater
genetic gains were seen in hybrid families, demonstrating that hybrids warrant further
evaluation as a possible breeding tool for developing BCD-resistant J. cinerea trees.

Keywords: butternut, Ophiognomonia clavigignenti-juglandacearum, fungal disease, inoculation, resistance
breeding, Japanese walnut, conservation

INTRODUCTION

Native and non-native diseases and pests are increasingly threatening ecosystems, especially
forests, across the globe (Ennos, 2015; Early et al, 2016). This is driven in large part by
anthropogenically driven activities, such as globalization and mass trade of plant material that
inadvertently transports new pests and pathogens into novel environments (Early et al., 2016).
Climate change compounds the problem by providing ideal environments for pests and pathogens
(Dukes et al., 2009) and weakening host species, making the host species more vulnerable to
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attack (Diez et al.,, 2012). Some species are not able to acclimate
or adapt to these increased threats and are facing extinction
(Thomas et al., 2004; Bellard et al., 2016).

Hybridization is currently under consideration as a possible
tool to incorporate stress tolerance in support of restoration
and conservation efforts (Hamilton and Miller, 2015). There
are concerns that hybrids could be detrimental to both the
target species and its ecosystem through potential invasion
(Muhlfeld et al, 2014), outbreeding depression (genetic
incompatibilities or reduced fitness; Allendorf et al, 2013),
and genetic swamping (loss of local adaptations by genetic
dominance from another species; Allendorf et al., 2013). However,
desirable traits, such as disease and pest resistance conferred
through hybridization, may be one of few remaining tools to
save some species (Sniezko and Koch, 2017). Perhaps, the most
notable example of using hybridization to support an endangered
species is the American chestnut [Castanea dentata (Marsh.)
Borkh.], which has been crossed with the Chinese chestnut
(Castanea mollissima Blume) in pursuit of resistance to chestnut
blight [Cryphonectria parasitica (Murrill) Barr,; Steiner et al,
2017; Clark et al., 2019; TACE 2020]. The American Chestnut
Foundation (TACF), one of the leading organizations in this
effort, has been breeding and backcrossing C. dentata hybrids
for three generations over 30 years and is currently trialing
hybrids with increased resistance in several restoration sites
in the eastern United States (TACE 2020).

Another, lesser-known example where hybridization is being
considered to save an endangered plant species, is butternut
(Juglans cinerea L.), a North American hardwood tree species
(Michler et al., 2006). While J. cinerea shares a native range
in the eastern United States similar to black walnut (Juglans
nigra L.), J. cinerea does not extend as far south and is one
of few deciduous tree species in the far northern areas of the
United States and southern Canada (Rink, 1990; Farrar, 2017).
As a masting species, the tree is ecologically important for
providing large, energy-rich nuts for both wildlife and humans
(Schultz, 2003), but also holds economic importance through
high quality wood products (Forest Products Laboratory, 2010).
Culturally, J. cinerea has been used by Native Americans for
a wide variety of purposes, including for medicine, food, dyes,
and canoe construction (Moerman, 1998). Medicinally, J. cinerea
has been documented to have a broader spectrum of antimicrobial
activity compared to many other North American hardwood
species (Omar et al., 2000).

Unfortunately, J. cinerea populations are now in severe decline
due to butternut canker disease (BCD), caused by the fungus
Ophiognomonia  clavigignenti-juglandacearum  (Ocj;  Nair,
Kostichka, & Kuntz; Broders and Boland, 2011). The disease,
first reported in Wisconsin in 1967 (Relund, 1971), manifests
as vertically oriented, elliptical cankers that develop on limbs
and boles, often causing the surrounding outer bark to peel
(Tisserat and Kuntz, 1984). Over time, the cankers multiply
and coalesce, ultimately girdling and killing affected trees
(Tisserat and Kuntz, 1984). The reduction in J. cinerea populations
by BCD has nearly eliminated natural regeneration (Boraks
and Broders, 2014), to the point that it is now considered
endangered by the International Union for Conservation of

Nature (Stritch and Barstow, 2019). Juglans cinerea is also listed
under Canada’s Species at Risk Act (Environment Canada,
2010) and in the United States; the species has a conservation
status of either critically imperiled (S1), imperiled (S2), or
vulnerable (S3) in 21 states (NatureServe, 2017).

Despite the sporadic occurrence of healthy J. cinerea trees
in the wild, no durable resistance to BCD has been found in
populations of J. cinerea to date, with all showing susceptibility
upon further testing. For example, when Ostry and Moore
(2008) inoculated grafted clones from 12 canker-free source
trees with Ocj, all individuals displayed susceptibility to the
disease. This has led to the concept of using hybridization to
incorporate disease resistance into the species (Michler et al.,
2006; McKenna et al., 2011; Boraks and Broders, 2014). Juglans
cinerea does not hybridize with J. nigra, the only other Juglans
conspecific in the eastern deciduous forest (Rink, 1990). However,
J. cinerea does hybridize with the Japanese walnut (Juglans
ailantifolia Carr.; Rink, 1990). A study of wild populations of
both non-admixed J. cinerea and its naturalized hybrids with
J. ailantifolia found possible tolerance in hybrids compared to
its native progenitor, with J. cinerea exhibiting an average of
4.5 cankers per tree vs. an average of 2.5 for its hybrids (Boraks
and Broders, 2014). However, there have been no controlled
evaluations to formally test whether the hybrids hold increased
BCD tolerance to J. cinerea.

The objectives of this study were to examine potential BCD
tolerance within and between non-admixed J. cinerea (“J. cinerea”)
and J. cinerea x ]. ailantifolia hybrids (“hybrids,” unless otherwise
noted) and to determine if there is a difference in canker
growth between isolates of Ocj. Our hypotheses were as follows:
(1) hybrids will have greater tolerance to BCD than J. cinerea;
(2) some J. cinerea and hybrid families will show greater
tolerance to BCD than other families; and (3) there will be a
difference in canker infection by different Ocj isolates. To test
these hypotheses, a multi-year field study was conducted using
J. cinerea, and hybrid trees inoculated with two different
isolates of Ocj.

MATERIALS AND METHODS

Plant Material

In the fall of 2002, seeds were collected from presumed J. cinerea
trees in an open-pollinated clone bank in Rosemount, MN,
United States originating from putatively resistant surviving
trees in the wild (family accessions 709-750; Table 1;
Supplementary Table S1). Seeds were also collected from six
wild presumed J. cinerea trees in northern Indiana, United States
(family accessions 702-708). The seeds were stratified in a
cooler at 2.8°C through winter and germinated in a greenhouse
in April 2003. The sprouted seeds were planted in a lowland
field of Purdue University’s Martell Forest (West Lafayette, IN,
United States 40.4313991, —87.0389821) in May 2003.
Approximately, 10 seedlings were planted per family (half-sib
progenies sharing the same maternal parent) as two five-tree
plots in a randomized row-block design with a spacing of
3.7 m between rows and 1.8 m within rows.
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TABLE 1 | Best Linear Unbiased Predictors (BLUPS), accuracy estimates,
breeding values (BVs), and genetic gains of families of Juglans cinerea and its
hybrids with Juglans ailantifolia based on canker size (area).

Family  Species/hybrid BLUP Accuracy BV Gain (%)
707 Hybrid -0.57 0.75 7.10 14
706 Hybrid —-0.46 0.67 7.32 11
711 Hybrid —-0.43 0.84 7.37 11
750 Hybrid -0.37 0.81 7.49 9
704 Hybrid -0.35 0.83 7.53 9
702 Hybrid -0.34 0.81 7.57 8
748 Hybrid -0.28 0.78 7.69 7
736 Juglans cinerea -0.20 0.85 7.84 5
712 Juglan cinerea -0.19 0.80 7.86 5
710 Hybrid -0.12 0.83 8.00 3
713 Juglan cinerea -0.09 0.76 8.06 2
77 Juglan cinerea -0.08 0.81 8.07 2
730 Juglan cinerea -0.08 0.85 8.07 2
709 Juglan cinerea -0.08 0.86 8.08 2
731 Hybrid —-0.05 0.83 8.13 1
738 Juglan cinerea —-0.03 0.80 8.18 1
734 Hybrid 0.01 0.80 8.26 0
714 Juglan cinerea 0.03 0.84 8.29 -1
742 Juglan cinerea 0.06 0.80 8.36 -1
708 Hybrid 0.07 0.80 8.38 -2
728 Juglan cinerea 0.08 0.81 8.39 -2
722 Juglan cinerea 0.09 0.86 8.41 -2
732 Hybrid 0.09 0.81 8.42 -2
727 Juglan cinerea 0.12 0.83 8.48 -3
715 Juglan cinerea 0.13 0.76 8.50 -3
723 Juglan cinerea 0.19 0.84 8.61 -5
747 Juglan cinerea 0.20 0.86 8.63 -5
726 Juglan cinerea 0.20 0.80 8.63 -5
743 Juglan cinerea 0.21 0.84 8.65 -5
733 Juglan cinerea 0.22 0.85 8.67 -5
744 Juglan cinerea 0.26 0.82 8.75 -6
741 Juglan cinerea 0.27 0.81 8.78 -7
718 Juglan cinerea 0.33 0.87 8.90 -8
746 Juglan cinerea 0.33 0.85 8.90 -8
735 Hybrid 0.36 0.86 8.95 -9
716 Juglan cinerea 0.49 0.81 9.22 -12

Cankers were measured 32 months following inoculation with Ophiognomonia
clavigignenti-juglandacearum (Ocj), the causal fungus of butternut canker disease
(BCD). A positive genetic gain indicates a family with canker sizes smaller than the
population mean, while a negative genetic gain indicates a family with canker sizes
greater than the population mean.

Population mean = 8.237 (log transformed from mm?).

Family variance = 0.098.

An initial visual screening of the seeds was conducted to
exclude F1 hybrids at planting. Our original goal was to include
only J. cinerea families and in particular, those from healthy
wild trees that we considered as putatively resistant parents.
However, by the third growing season in 2005, early genetic
identification methods were being developed (Aradhya et al.,
2006; Zhao and Woeste, 2011), and many J. cinerea x J. ailantifolia
hybrids among our J. cinerea germplasm collection had been
detected which allowed us to examine these “complex” hybrids
for phenotypic differences in leaf size, twig color, and terminal
and lateral bud characteristics to distinguish these from J. cinerea.
For the families in the present study, the phenotypic traits of
seedlings were rated in the fall of 2005 by two independent
observers as 2 = J. cinerea, 1 = ]. cinerea and hybrid mix, or
0 = hybrid, using the methods that ultimately became the

basis for those of Woeste et al. (2009). We recognize that
phenotypic assessment is imperfect, but Hoban and Romero-
Severson (2011) found that nut growers only using their own
personal experience and no key, were able to correctly identify
their J. cinerea or hybrid trees 85% of the time. Therefore,
we have high confidence that phenotypic methods used by
expert foresters with long experience with these species should
be able to make successful species designations in most cases.
However, we also performed DNA tests on a subset of individuals
from all families in 2009 using chloroplast markers (Aradhya
et al., 2006; Zhao and Woeste, 2011), as well as ITS region,
mitochondrial, and nuclear markers (Zhao and Woeste, 2011),
which confirmed the initial phenotypic J. cinerea or hybrid
genotype of each family. Further, a second subsample of 39
J. cinerea and hybrid trees from those included in the current
study were also genetically analyzed in 2019 using the nuclear
markers of Hoban et al. (2008) and chloroplast markers of
McCleary et al. (2009). For the 31 samples that successfully
amplified, the results of this genetic analysis subsample matched
with the initial identification designations. From these analyses,
we determined that seven of the Rosemount families and all
six wild-collected Indiana families were J. cinerea x J. ailantifolia
hybrids. Ultimately, 203 J. cinerea trees from 23 different families
and 106 hybrid trees from 13 different families were included
in the study.

Inoculations

Two different fungal isolates of Ocj were used for the inoculations.
Both were collected from natural, spontaneous infections found
in Indiana, the first from one of our seedlings in a breeding
block at Martell Forest in West Lafayette (IN-1375-4A, “isolate
17) and the second from the Hoosier National Forest in southern
Indiana (IN-1378-3, “isolate 2”). These were chosen in order
to use isolates representative of the state in which the study
was being conducted, and these specific isolates had already
been collected and isolated by Michael Ostry and Melanie
Moore (USDA Forest Service, Northern Research Station,
St. Paul, MN, United States) and thus were readily available.
Samples for initiating cultures were collected from cankered
branches in early August 2008 and grown on malt agar in
darkness at 20°C. Inoculum was prepared from sporulating
cultures after 2 months. Inoculations were applied to the trees
at 5 years old in 2008, from late September to early October,
when trees have been shown to be most susceptible to infection
from Ocj (Ostry and Moore, 2008). The inoculation application
method was similar to that developed by Anagnostakis (1992)
for screening chestnut trees (Castanea spp.) for tolerance to
chestnut blight. Holes (6-mm diameter) were drilled into the
main trunk at approximately breast height, through the bark
and slightly into the sapwood. A 6-mm diameter plug of
inoculum (agar with Ocj) was then inserted into each hole,
with fungal hyphae facing inward, toward the cambium. A
single layer of masking tape was then wrapped around each
inoculation wound. Each hole was spaced 20 cm apart, running
in a vertical line down the trunk. Each tree received five
inoculation points in the following order: the first, top-most
(apical) hole was plugged with a blank control (agar only);
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the second and third holes with Ocj isolate 1; and the fourth
and fifth holes with Ocj isolate 2.

Evaluation
Survival was recorded each time canker growth was measured.
Cankers resulting from the inoculations were evaluated at 8,
12, 20, 24, and 32 months after the inoculations were applied.
The maximum vertical lengths (/) and horizontal widths (w)
of each canker were recorded. The canker length and width
were used to calculate the area (A) of the inoculated canker,
using the formula for an ellipse (oval):
A:ixﬂxw(cmz)
2 2

1

Cankers occurring from natural Ocj infection (outside of
inoculation areas) began appearing 4 years after planting in
2006, which was confirmed by isolation of the fungus from
several samples of the naturally formed cankers in August
2008. Evaluations of the natural cankers were conducted
concurrently with the artificially induced cankers at 8, 20,
and 32 months following the inoculations. Natural cankers
were rated for cumulative incidence and size using an ordinal
scale. Incidence was rated from 0 to 3, where 0 = no natural
cankers; 1 = 1 or 2 cankers; 2 = 3-5 cankers; and 3 = 6 or
more cankers (McKenna et al., 2011). Size was based on the
average size of the natural cankers (length x width), rated
from 0 to 3, where 0 (none to very small) = less than
~30 x 10 mm; 1 (small) ~30-59 x 10-19 mm; 2
(medium) = ~60-99 x 20-24 mm; and 3 (large) = ~100 x 25 mm
or greater sized cankers (McKenna et al, 2011).

Data Analysis

All data was analyzed in R v. 3.5.3 (R Core Team, 2019).
There was insufficient mortality by the conclusion of the
study to conduct a valid statistical analysis of survival, so
only survival percentages are reported. The control inoculations
did not produce cankers and were not included in the
statistical analyses. Canker growth for the remaining
inoculations was analyzed at the species/hybrid level using
a two-part model to account for the high level of zero
growth instances in the early time points of the study. Both
parts of the model were conducted using R package “lme4”
(Bates et al., 2015). The first part used a linear mixed model
to analyze the percent of individuals in each family with
canker growth present over time. The second part evaluated
canker area over time with linear mixed models only for
inoculations where growth was present, using natural-log-
transformed data to meet the assumption of normality of
errors. For both parts, species/hybrid, fungal isolate, time,
and block within the plot (three-level categorical variable)
were considered fixed effects, and family was considered a
random effect. Since the second part of the model evaluated
at the individual level, individual tree was also included as
random and nested within family. To facilitate breeding
selection and evaluate variation at the family level, Best

Linear Unbiased Predictors (BLUPs; Isik et al., 2017) were
generated from a linear mixed model, as in the second part
of the inoculated canker model. However, only a subset of
the data was used to analyze canker area for inoculations
where growth was present at the last time point (32-month
post-inoculation), thus, time was not included in the analysis
of this data subset. The BLUPs (random effects) for each
family were taken from the model and estimates of accuracy
were calculated for each BLUP based on its SE and the
family variance (S) as (Mrode, 2014):

SE?

S

Accuracy = |1— 2)

Accuracy estimates are the correlation between true and
predicted breeding values (BVs; Mrode, 2014) and are used
in plant and animal breeding to evaluate confidence in predictions
in lieu of the SE (Isik et al., 2017). The BLUPs were converted
to BV by multiplying by two and adding the 32-month canker
area population grand mean (y). The BV was then converted
to a percent gain relative to the population mean:

V4100 (%) 3)

Genetic gain = E

A positive genetic gain indicates a family with artificial
canker sizes smaller than the population mean, while a negative
genetic gain indicates a family with canker sizes greater than
the population mean. The families were finally ranked in order
of greatest to smallest gains to assist in family breeding selection.
The incidence and size of naturally formed cankers were analyzed
using cumulative link mixed models (also called ordinal regression
or proportional odds models) with R package “ordinal”
(Christensen, 2019). Species/hybrid, fungal isolate, time, and
plot block were set as fixed effects. Individual tree nested within
family were set as random effects.

RESULTS

Survival
By the conclusion of the study (32-month post-inoculation),
there was 96 and 92% survival for J. cinerea and hybrid trees,
respectively.

Artificially Induced Infection

The percent of individuals with canker growth present at the
inoculation site strongly increased over time (y* = 186.87,
p < 0.0001; Figure 1A). There was no difference in the presence
of canker growth following inoculation between J. cinerea and
hybrid trees (y* = 0.14, p = 0.713). However, there was a
strong difference by fungal isolate (y* = 421.48, p < 0.0001),
with much greater presence of canker growth resulting from
inoculations with isolate 1 than isolate 2. There was a moderate
interaction between species and time (y* = 5.74, p = 0.017),
but there was no interaction evident between species/hybrid
and fungal isolate (x> = 2.94, p = 0.086); fungal isolate and
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time (x> = 0.13, p = 0.720); or species/hybrid, fungal isolate,
and time (x> = 0.20, p = 0.657).

The size of cankers resulting from the inoculations strongly
increased over time (y* = 1418.95, p < 0.0001; Figure 1B). Canker
growth on the hybrids was smaller than on J. cinerea and by
the final timepoint, the average inoculated canker area (non-zero)
on hybrid trees was 41.9 (+ 3.4) cm? compared to 61.8 (+ 4.1) cm?
on J. cinerea trees (y* = 8.65, p = 0.003). There was also a
difference in fungal isolate, with an average canker area of 48.3
(£ 2.9) cm® for isolate 1 vs. 55.4 (+ 4.7) cm’ for isolate 2 by
the final timepoint (y* = 5.34, p = 0.021). A strong interaction
was present between species/hybrid and time (y* = 19.78,
p < 0.0001), with canker growth increasing more rapidly in
J. cinerea than the hybrids. However, there was no interaction
evident between species/hybrid and fungal isolate (y* = 0.31,
p = 0.580); fungal isolate and time (y* = 0.54, p = 0.463); or
species/hybrid, fungal isolate, and time (y* = 0.97, p = 0.325).

By the conclusion of the study at 32-month post-inoculation,
genetic gains based on canker size ranged from —12 to 14%
(Table 1). There was distinct separation of families by genetic
gains based on canker size. In the top-ranking quarter (5-14%
gains), seven of nine families were hybrids, while in the bottom
quarter (=12 to —5% gains), eight of nine of families were
J. cinerea.

Naturally Occurring Infection

Incidence of naturally occurring cankers increased strongly over
time (y* = 404.76, p < 0.0001; Figure 2). Species/hybrid was
also an important predictor of natural canker incidence, with
J. cinerea having a greater incidence of natural cankers than the
hybrids at all timepoints (y* = 24.53, p < 0.0001). As an example,
by the final timepoint, 12 and 21% of J. cinerea had natural
cankers in classes 0 (lowest incidence) and 3 (greatest incidence),
respectively, compared to 42 and 5% in hybrids (Figure 2). There
was no evidence of an interaction between species/hybrid and
time for natural canker incidence (y* = 2.67, p = 0.263).

The size of naturally occurring cankers increased greatly
over time (y* = 264.82, p < 0.0001; Figure 2). Juglans cinerea
had larger natural cankers than the hybrids at all timepoints
(x* = 23.95, p < 0.0001). At the final timepoint, 12 and 11%
of J. cinerea had cankers in size classes 0 (smallest) and 3
(largest), respectively, vs. 42 and 1% of hybrids (Figure 2).
No evidence of an interaction between species/hybrid and time
was found for the size of natural cankers (y* = 2.62, p = 0.270).

DISCUSSION

Effect of Fungal Isolate

Supporting our hypothesis, the two Ocj isolates used for the
inoculations in our study resulted in different levels of canker
occurrence and size, which is consistent with studies by Ostry
and Moore (2008) and Broders et al. (2012, 2015). In the current
study, although the specific fungal isolate used in inoculations
played a role in canker size, isolate played a much larger role
in predicting the presence/absence of canker growth. This could
indicate stronger variability in the ability of different Ocj isolates

to initiate host infection. With differing levels of aggressiveness,
the specific isolates present within a certain location may contribute,
in part, to help explain why some areas experience more severe
and sudden BCD outbreaks than others (Broders et al., 2015;
Morin et al, 2017). However, it is likely that habitat and
environment also play a strong role in determining occurrence
of infection in these situations as well (Boraks and Broders, 2014;
Labonte et al., 2015; Morin et al., 2017).

Tolerance of Juglans cinerea and Its
Hybrids

Although there was no significant difference in inoculated canker
absence/presence between J. cinerea and its hybrids, the hybrids
did have smaller cankers (averaging nearly 1/3 smaller by the
end of the study) that grew slower than those on the progenitor
species. Further, hybrid families had the greatest genetic gains
in terms of canker size by 32-month post-inoculation. When
considering naturally occurring infection, the hybrids also had
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FIGURE 1 | Percent of individuals cankered (A) and canker area (B) over
time on J. cinerea and its hybrids with J. ailantifolia following inoculation with
two different isolates of Ocj, the causal fungus of butternut canker disease.
Isolate significantly affected both percent of individuals cankered (p < 0.0001)
and canker area (p = 0.021). Species/hybrid affected canker area (p = 0.003),
but not percent of individuals cankered (p = 0.713).
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FIGURE 2 | Frequency of trees of J. cinerea and its hybrids with J. ailantifolia with naturally occurring cankers by different incidence and size classes over time
since the initiation of the study. Cankers were formed by Ocj, the causal fungus of butternut canker disease. Incidence was rated from classes 0 (no natural cankers)
up to 3 (6 or more cankers). Size was based on the average size of the natural cankers (length x width), rated from classes O (none to very small; less than
~30 x 10 mm) up to 3 (large; ~100 x 25 mm or greater). Juglans cinerea and hybrids were significantly different for both natural canker incidence and size at all
timepoints (p < 0.0001 for all).

both fewer and smaller cankers than J. cinerea. Thus, our hypotheses
that hybrids would show greater tolerance to BCD than J. cinerea
was mostly supported. This trend was also seen in a study of
populations of wild J. cinerea and naturalized hybrids in the
northeastern United States, where the hybrids were found to
be much less affected by the disease and had fewer cankers,
less dieback, and greater vigor than trees of J. cinerea (Boraks
and Broders, 2014). It should be noted, however, that while
hybrids in the current study were more tolerant on average
than J. cinerea, some hybrids performed worse than average and
some J. cinerea performed better than average (Table 1).
Black and Neely (1978) reported that J. cinerea x J. ailantifolia
hybrids also had greater tolerance than J. cinerea to another
Ophiognomonia fungal species, anthracnose [Ophiognomonia
leptostyla (Fr.) Sognov]. These results in J. cinerea can
be compared to hybrids and other diseases in Juglans. In the
aforementioned study, hybrids of J. nigra with four other Juglans
species consistently showed greater anthracnose tolerance than
their highly susceptible J. nigra parent (Black and Neely, 1978).
Conversely, in another study, hybrids of Persian walnut (Juglans
regia L.) and iron walnut (Juglans sigllata Dode) showed similar
or even greater susceptibility to walnut bacterial blight

(Xanthomonas arboricola pv. juglandis Pierce) than both their
progenitors (Jiang et al., 2019). Heightened susceptibility to
crown gall disease (Agrobacterium tumefaciens Smith &
Townsend) has also been documented in hybrids of northern
California black walnut [Juglans hindsii (Jeps.) Jeps. ex R.E.
Sm.] and J. regia (McKenna and Epstein, 2003). Thus, disease
tolerance in Juglans hybrids that is greater than one or both
of the parents is not guaranteed and depends on the specific
host-pathogen interaction for each disease. Further, in relation
to pest resistance, J. ailantifolia and its hybrids with both
J. cinerea and J. nigra have expressed greater susceptibility to
butternut curculio (Conotrachelus juglandis LeConte) than the
two native North American progenitors (Wilson and Corneil,
1978). This illustrates that in attempting to obtain BCD resistance
in J. cinerea, it will be critical that increased susceptibility to
native pests not also be inadvertently incorporated.
Interspecific hybrids have also been developed in other genera
with the goal of incorporating disease resistance or tolerance
into a susceptible and endangered native species. As discussed
previously, C. dentata x C. mollissima hybrids backcrossed to
C. dentata have been developed with increased resistance to
chestnut blight compared to their susceptible C. dentata progenitor
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(Steiner et al., 2017; Clark et al, 2019; TACE 2020). After
strong selection for C. dentata-specific traits and blight resistance,
second (B,) and third (B;) backcross hybrid lines developed
at TACFs Meadowview Research Farm (Meadowview, VA,
United States) were found to have average blight areas (B,) or
blight ratings (B;), significantly different and intermediate to
their American and Chinese chestnut progenitors, but not
different from those of the F, generation (Steiner et al., 2017).
However, Clark et al. (2019) reported that blight resistance in
C. dentata, C. mollissima, B,, B,, and B; Meadowview backcross
hybrids ultimately varied when planted across different sites
in the first natural forest field trials testing this resistance.
While the Castanea hybrids held yearly resistance rankings that
were intermediate to that of their progenitors in two of the
sites (NC and VA), there was no significant difference between
any of the progenitors or hybrids in a third site (TN). Given
such genotype x environment variation, it is essential that future
work test J. cinerea and hybrid families in common garden
plots across multiple sites in order to assess the durability of
possible BCD resistance. Efforts have also been pursued to
develop Dutch elm disease (Ophopstoma spp.) resistant hybrids
for restoring the endangered American elm (Ulmus americana L.)
and several other Ulmus spp. affected by the disease (Brunet
and Guries, 2016; Griffin et al., 2017; Martin et al., 2019).
While progress has been made with promising hybrids and a
few U. americana varieties (Brunet and Guries, 2016; Griffin
et al, 2017; Martin et al, 2019), it has been slowed by
incompatibility and ploidy barriers (Ager and Guries, 1982).
These issues do not appear to be an issue with
J. cinerea x J. ailantifolia hybrids given the large number of
naturalized hybrids present in the landscape (Hoban et al., 2009).

Consistent with our second hypothesis, both J. cinerea and
hybrid families separated out by genetic gains on 32-month
canker size, with some families showing greater tolerance than
others, indicating a possible genetic basis to disease tolerance
(Isik et al., 2017). While hybrids tended to rank highest in genetic
gains, some J. cinerea families, such as 736 and 712, had modest
gains as well. However, the finding of a potential genetic basis
to BCD tolerance in the current research must be compared to
a heritability study of a wild population of J. cinerea in Wisconsin.
Labonte et al. (2015) primarily concluded that genetic differences
explained little of the variance in mortality, and that environmental
and site differences were stronger predictors. It was also reported
that while genetics was not correlated with survival, there were
low, but significant correlations between genetics and canker-
related traits, including canker number, which is consistent with
the present study. The population assessed by Labonte et al.
(2015) only contained non-admixed J. cinerea trees, which are
believed to have originated from a small number of mother
trees, limiting the genetic diversity. The present study, in contrast,
included seeds propagated from long-term surviving selections
collected from across a wide geographic range and inter-pollinated
together in a grafted orchard, expanding the genetic diversity
of our test families. Additionally, our study did not include
environmental and site factors as in Labonte et al. (2015), so a
comparison with the current study’s results on heritability of
BCD tolerance in hybrids is not entirely possible.

Survival, as assessed by Labonte et al. (2015), is likely a
better measure in ultimately identifying the most BCD tolerant
trees than the canker-related traits we evaluated in just under
3 years. However, the high survival (over 90%) for both J. cinerea
and hybrid trees by the conclusion of the present study suggests
that more than 32 months are required to understand the full
potential of tolerance differences between the species and
hybrids once Oc¢j infection begins. Further, the research of
Labonte (2015), as well as Clark et al. (2019) with C. dentata
(discussed earlier), both underscore the need for BCD tolerance
screenings on multiple different sites to understand possible
genotype X environment interactions. Sambaraju et al. (2018)
reported that multiple factors, notably weather, influence Ocj
epidemiology. It is likely that the successful restoration of
J. cinerea will not be accomplished solely through the integration
of genetic BCD resistance, but in combination with appropriate
site selection and silvicultural practices (Jacobs et al., 2013).

Ultimately, beyond any increased disease tolerance or resistance
that hybrids may hold compared to their progenitor species,
it is essential to also consider how well such hybrids fill both
the economic and ecological niches of the progenitor species
they are intended to replace, including reproductive potential,
physiology, invasiveness, and wood quality. These qualities have
been evaluated to a moderate extent in J. cinerea, J. ailantifolia,
and their hybrids. Crystal and Jacobs (2014) reported that the
hybrids exhibited both intermediate drought and flood tolerance
relative to their J. cinerea (more drought tolerant) and J. ailantifolia
(more flood tolerant) progenitors. Phenotypically, Crystal et al.
(2016) projected that most hybrids will tend more toward their
J. ailantifolia progenitor, although some hybrids did occupy
the same space as their J. cinerea progenitor. The concerns of
dissimilar hybrid and J. cinerea phenotypes, along with the
intermediate environmental tolerances of the hybrids, could
limit their ability to act as a suitable replacement for J. cinerea,
potentially changing the distribution of the species. However,
in a phenotypical study of C. dentata hybrids and their progenitors,
which are at a much more advanced breeding stage than
J. cinerea hybrids, 96% of hybrid trees in the third backcross
generation were distinctly different from their C. mollissima
progenitor, and closely resembled C. dentata (Diskin et al,
2006). Thus, using C. dentata as an example threatened hardwood
species for restoration (Jacobs et al., 2013); it may be possible
to develop hybrids that are similar to J cinerea, at least
phenotypically, with careful selection and breeding.

Conclusions

Differences in canker occurrence and size by Ocj isolates were
observed in this study, which may explain some of the differences
in BCD severity reported among different J. cinerea populations.
Hybrid families had smaller and fewer cankers and greater
genetic gains compared to J. cinerea families, demonstrating
that hybrids could be a possible breeding tool for developing
BCD-resistant J. cinerea trees. Further, the genetic gain separation
of families by canker size indicates potential heritability of
BCD tolerance (under the timeframe of the current study).
This is promising for the development of resistance breeding
programs using hybrids, but possibly J. cinerea as well.
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Hybridization in J. cinerea is one of just a few examples in
plants where hybrids are being considered not only for preserving
a species’ economic value (timber and nut production), but
also for ecological (restoration and conservation) and cultural
purposes (ethnobotanical and medicinal). Thus, this study
provides further evidence that hybrids represent a potentially
effective tool for incorporating disease resistance to aid in
restoration of threatened tree species.
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Studying the genetics of adaptation to new environments in ecologically and industrially
important tree species is currently a major research line in the fields of plant science
and genetic improvement for tolerance to abiotic stress. Specifically, exploring the
genomic basis of local adaptation is imperative for assessing the conditions under
which trees will successfully adapt in situ to global climate change. However, this
knowledge has scarcely been used in conservation and forest tree improvement
because woody perennials face major research limitations such as their outcrossing
reproductive systems, long juvenile phase, and huge genome sizes. Therefore, in this
review we discuss predictive genomic approaches that promise increasing adaptive
selection accuracy and shortening generation intervals. They may also assist the
detection of novel allelic variants from tree germplasm, and disclose the genomic
potential of adaptation to different environments. For instance, natural populations of
tree species invite using tools from the population genomics field to study the signatures
of local adaptation. Conventional genetic markers and whole genome sequencing both
help identifying genes and markers that diverge between local populations more than
expected under neutrality, and that exhibit unique signatures of diversity indicative of
“selective sweeps.” Ultimately, these efforts inform the conservation and breeding status
capable of pivoting forest health, ecosystem services, and sustainable production. Key
long-term perspectives include understanding how trees’ phylogeographic history may
affect the adaptive relevant genetic variation available for adaptation to environmental
change. Encouraging “big data” approaches (machine learning—ML) capable of
comprehensively merging heterogeneous genomic and ecological datasets is becoming
imperative, too.

Keywords: genomics of adaptation, genomic prediction, genome-wide association studies, genome-wide
selection scans, assisted gene flow, machine learning, big data

INTRODUCTION

How trees will respond to climate change is a pressing question both in the contexts of natural
forests and tree plantations (Kremer et al., 2014; Holliday et al., 2017; Isabel et al., 2020). Forests
offer key ecological services, boosting significant resources of biodiversity in terms of species and
habitats, while help mitigating the impact of excess air pollutants (Phillips et al., 2019; Pennisi,
2020). Trees also source natural renewable materials (i.e., wood itself, cellulose for the pulp industry,
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and lignin and hemicelluloses for energy production), likely to
increase in the future as sustainable alternatives to fossil fuels
(Carlson et al., 2014).

Yet, forest tree species are being threatened by climate change
(Sullivan et al., 2020) due to fluctuations in the frequency and
intensity of heat, drought, salinity (Naidoo et al., 2019), and the
incidence of pathogens and pests (Naidoo et al., 2014; Christie
et al., 2015). Hence, now more than ever it is essential to explore
changing abiotic (Chakhchar et al., 2017; Alcaide et al., 2019b)
and biotic (Meyer et al., 2016) interactions. Rampant phenotypic
plasticity (Berlin et al., 2017; Hallingback et al., 2019) to climate
gradients is presumed in trees, arguing resilience to variability
throughout their long lives. Still, forests adaptability should also
be assessed in the light of spatially varying local environmental
selective pressures (Savolainen et al., 2013), and trees’ genetic and
evolutionary potentials (Howe and Brunner, 2005). Both directly
reflect and feedback overall adaptive genetic variation. Hence,
understanding the genomic drivers that underpin adaptive trait
variation becomes vital for conservation and industrial goals.

Developments in plant genomics (Brunner et al., 2007a; Neale
and Kremer, 2011) have already disclosed the genetic basis of
various useful traits (Khan and Korban, 2012; Tuskan et al.,
2018). Yet, this information has limitedly been utilized in tree
improvement and conservation (Flanagan et al., 2018), despite
genetic gains (Figure 1) and optimized management are urgently
required due to environmental issues (Scherer et al., 2020).
Besides, breeding woody perennials is primarily bottlenecked
by their outcrossing reproductive systems, prolonged juvenile
phases (Grattapaglia et al., 2018), large genome sizes lacking
elimination mechanisms of long-terminal transposons (Nystedt
et al., 2013), and an excessive focus on productivity (Burdon
and KlapsTé, 2019) that omits adaptive traits (Table 1; Li et al.,
2019). Thus, here we discuss ways to side step these limitations
by arguing how predictive genomics can increase selection
accuracy and shorten generation intervals (Grattapaglia et al,
2018), assist the detection of exotic variants from tree germplasm
(Migicovsky and Myles, 2017), and disclose the genomic potential
of adaptation to different climates (Lind et al., 2018). These efforts
will ultimately inform conservation and breeding to enhance
forest health, ecosystem services, and sustainable production.

PREDICTIVE BREEDING PROMISES
BOOSTING FOREST TREE GENETIC
IMPROVEMENT

The aim of forest tree breeding is rarely to develop new varieties,
but instead advance gradual population improvement through
recurrent selection and testing (Neale and Kremer, 2011).
Because of the long generation times of forest trees, their breeding
has traditionally relied on phenotypic selection from natural
stands by choosing “plus-trees” (Figure 1A). Their superior
phenotype (primarily productivity and tree architecture, and
seldom adaptability) is often measured in situ or in provenance
trials. This starting pool of preferred trees constitutes the base
population, an arboretum from which further selection is carried
out to build a selected population with elite seed/scion donors.

Natural A
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Provenance c Hybrid
F tests lE " breeding
-‘g G Base D
o population
2
]
5 D
(=
& Breeding
population
Selected
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y
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‘Plus
trees’
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FIGURE 1 | Trans-disciplinary approaches (arrows) such as predictive
breeding (GP) and machine learning (ML) promise supporting genome-wide
marker-assisted (MAS) pre-breeding and breeding strategies for the selection
of (A) “plus trees” in the wild, key (B) intra- and (C) inter- specific parental
combinations, and (D) elite offspring from those parents. GP and ML should
go beyond breeding and feedback (E) germplasm utilization and
environmental niche classification (Cortés et al., 2013) and enviromics
(Costa-Neto et al., 2020; Resende et al., 2020). Genomic-assisted
characterizations, such as Genome-Wide Association Studies—GWAS (Neale
and Savolainen, 2004), Genome—Environment Associations —GEA (Rellstab
et al., 2015; Cortés and Blair, 2018; Lépez-Hernandez and Cortés, 2019) and
Genome-Wide Selection Scans—GWSS (Zahn and Purnell, 2016), must also
start considering more thoroughly (F) novel sources of local adaptation, (G)
genetic-guided infusions and assisted gene flow (AGF), as well an overall
systems genetics thinking (Ingvarsson et al., 2016; Myburg et al., 2019).

Their estimated combinatory ability is gathered from genetic tests
such as progeny trials, and parental re-selection (Figure 1B) from
top families and single trees (White et al., 2007). After three steps
of selection (from the natural, base, and selected populations),
eroded genetic diversity may jeopardize overall population’s
productivity and resilience due to inbreeding depression. In order
to minimize this risk, a breeding population is established to
increase genetic variability. Intermating may rely on infusions
from external populations. Outbred multi-parental populations
(Scott et al., 2020) hence become the base population of a second
generation. A bottleneck of this approach is that each generation
would last at least nine or 18 years, for seedling or elite clone
identification, respectively, in a fast growing tree species such as
Eucalyptus (Resende et al., 2012).

Shortcuts to speed up the traditional cycle of forest tree
genetic improvement rely on hybrids and backcrossing. Hybrid
breeding (Figure 1C) aims harnessing heterotic effects (hybrid
vigor) due to dominance and over-dominance already existing in
nature, capable of increasing yield and adaptability (Schilthuizen
et al., 2004; Seehausen, 2004). Dominance refers to the masking
of deleterious effects of recessive alleles as a consequence
of the increased heterozygosity resulting from hybridization
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TABLE 1 | Predictive breeding (genomic prediction—GP, also known as genomic selection—GS) studies in forest tree species published during the last years.

Species Populations Trait data Genotyping data GP algorithm Key conclusions References
Elaeis guineensis 162 individuals from the Seven oil yield 262 SSRs PBLUP, GBLUP Genomic selection (GBLUP) calibrated according to conditions of the Cros et al.,
Deli and Group B components experiment showed higher trait precision when using pedigree-based 2015
populations model
Elaeis guineensis A x B hybrid progeny tests  Seven oil yield (>5,000 GBLUP, PBLUP Preselection for yield components using GBS is the first possible Cros et al.,
with almost 500 crosses for components GBS-derived SNPs application of GS in oil palm. 2017
training and 200 crosses
for independent validation
Hevea brasilensis 332 clones from the F1 Rubber production 332 SSRsonsite 1 RKHS, BLR_A, Mean between-site GS accuracy reached 0.561 when using the Cros et al.,
cross PB 260 x RRIM 600 and 296 SSRs on RR-BLUP-A, BLR_AD,  125-200 SSRs with the highest Ho. The simulations showed that by 2019
site 2 RR-BLUP_AD applying a genomic preselection among 3,000 seedlings in the nursery
there is a greater precision of selection of the genomic preselection
compared to the phenotypic preselection. Statistical method had no
effect on GS precision
Eucalyptus 999 individuals from 45 Cellulose content, 33,398 SNP ABLUP, GBLUP, ssGBLUP is a tool with a great projection for the improvement of the Cappa et al.,
grandis x families composition of lignin ssGBLUP precision and the bias of the classic GBLUP for the genomic evaluation 2019
E. urophylla monomer, total lignin, WD in the improvement of Eucalyptus
hybrids
Picea abies 1,370 controlled-pollinated  Quality features of solid 116,765 SNP ABLUP-A, ABLUP-AD,  GBLUP-AD is a model with great utility in production and propagation. ~ Chen et al.,
individuals from 46 wood, pilodyn GBLUP-AD, Tree breeders can use it for seedling selection, or family and full-siblings 2019
unrelated parents penetration, acoustic GBLUD-ADE selection
speed
Eucalyptus 646 individuals out of WD, branch quality, DBH, 14,442 SNP BRR, Bayes C, HAP, In general, the BRR and Bayes C methods had a higher predictive Ballesta
globulus approximately 10 HT HAP-SNP capacity for most of the traits. In particular, genomic models that et al., 2019
individuals per family included the haplotype effect (either HAP or HAP SNP) significantly
increased the AP of traits with low heritability.
Eucalyptus 1,470 individuals from 49 DBH, HT, BHT, WD, STR, 3.8 K lllumina Bayes A, Bayes B, An GSq approach outperformed GS models in terms of predictive Ballesta
cladocalyx families SLD, FI Infinium Bayes C, BRR ability when the proportion of the variance explained by the significant etal., 2020
EUChipB0K SNPs marker-trait associations was higher than those explained by the
polygenic background and non-significant markers
Eucalyptus 1,130 clones of 69 full- sib  Biomass production, 3,303 SNPs GBLUP The inclusion of wood 8§13C in the selection process may lead to Bouvet et al.,
clones of families WUE, wood properties Eucalyptus varieties adapted to marginal zones still presenting good 2020
E. urophyllax performance for biomass and wood chemical traits
E. grandis
Picea abies 726 trees of 40 families of Density, microfiber angle, 5,660 Infinium Single-trait: GBLUP, Genomic prediction models showed similar results, but the multi-trait Lenz et al.,
complete siblings from two  wood stiffness iSelect SNP matrix ~ BRR, GBLUP, TGBLUP, model stood out when weevil attacks were not available. Most of the 2020
localities SNPs from exome ~ ABLUP. Multi-traits: results indicate that the weevil resistance genotypes were higher when
capture and GBLUP there was a greater proportion of height to diameter and greater rigidity
sequencing of the wood.
Pinus radiata 457 POP2 descendants of ~ Branching frequency, 1,371,123 exome GBLUP, ABLUP An efficient way to improve non-key traits is through genomic selection  Liet al., 2019
63 parents, and 524 POP3  stem straightness, sequencing capture with a pedigree corrected using SNP information
descendants of 24 parents  internal verification, and SNPs
external bleeding
Pseudotsuga 13,615 individuals HT, 13 environmental 66,969 SNPs ssGBLUP GS-PA can be substantially improved using ECs to explain Ratcliffe
menziesii variables environmental heterogeneity and G x E effects. The ssGBLUP etal., 2019
methodology allows historical genetic trials containing non-genotyped
samples to contribute in genomic prediction, and, thus, effectively
boosting training population size which is a critical step
(Continued)
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TABLE 1 | Continued

Species Populations Trait data Genotyping data GP algorithm Key conclusions References
Shorea 356 individuals from a half-sib progeny ~ Seven important traits, 5,900 lllumina Hi-Seq X rrBLUP Selective breeding for these traits individually could be very  Sawitri et al.,
platyclados population including growth, SNPs effective, especially for increasing the diameter growth, 2020
branching quality, wood branch diameter ratio and wood density simultaneously
quality traits
Hevea brasiliensis 435 individual rubber trees at two sites.  SC 30,546 GBS-derived BLUP, SM, MM, Multi-environment models were superior to the Souza et al.,
252 F1 hybrids derived from a SNPs MDs, Mde single-environment genomic models. Methods in which GS =~ 2019
PR255 x PB217 cross, 146 F1 hybrids is incorporated resulted in a fivefold increase in response to
derived from a GT1 x RRIM701 cross, selection for SC with multi-environment GS (MM, MDe, or
37 genotypes from a GT1 x PB235 MDs)
cross, and 4 testers (GT1, PB235,
RRIM701, and RRIM600)
Fraxinus excelsior 1,250 individuals Tree health, ash 100-50,000 HiSeq X RR-BLUP Ash dieback resistance in F. excelsior is a polygenic trait Stocks et al.,
dieback resistance SNPs that should respond well to both natural selection and 2019
breeding, which could be accelerated using genomic
prediction
Eucalyptus nitens 691 individuals Solid wood production, 12,236 lllumina BLUP, GBLUP The greatest improvement in genetic parameters was Suontama
height, DBH, stem EUChipB60K SNPs obtained for tangential air-dry wood shrinkage and growth etal.,, 2019
straightness, WD, strain
wood stiffness, wood
shrinkage, growth
strain
Pseudotsuga A 38-year-old progeny test population HT Complete genotyping RR-BLUP, GRR, The validation of cross genomic selection of juvenile height ~ Thistlethwaite
menziesii (P1), selecting 37 of 165 families with of exome capture Byes-B in Douglas fir gave very similar results with the ABLUP et al.,, 2019a
complete siblings at random from 3 predictive precision, but this precision may be linked to the
different settings. Validation population relationship between training and validation conjugates
contained 247 descendants with
controlled crosses from the 37 families
Pseudotsuga 1,321 Douglas-fir trees, representing 37 Mid-rotation height, WD  200-50,000 lllumina RR-BLUP Reducing marker density cannot be recommended for Thistlethwaite
menziesii, Picea full-sib F1 families and 1,126 interior HiSeq 2000 SNPs carrying out GS in conifers. Significant LD between markers et al., 2020
glauca, spruce trees, representing 25 and putative causal variants was not detected using 50,000

P engelmannii
Pinus contorta

Castanea dentate

Picea abies

open-pollinated (half-sib) families

Half- and full- sibs represented by 57
base parents and 42 full-sib families
with an calculated effective population
size of 92

7,173 descendants of BC3F3 from 346
“Clapper” mothers and 198 “Serious”
mothers. For the BC3F2 progeny, a
total of 1,134 “Clapper” and 1,042
“Graves” were sampled

484 progeny trees from 62 half-sib
families

Growth and wood
quality

Cryphonectria
parasitica fungus
severity (BC3F3) or
presence/absence data
(BC3F2)

WD, MOE, MFA

51,213 lllumina HiSeq
SNPs

Sequencing of a
C. dentata clone in the
PacBio Sequel platform

130,269 lllumina HiSeq
2500 SNPs

Bayes C, Bayes B,
BLUP, GBLUP,
ABLUP

HBLUP, ABLUP,
Bayes C

ABLUP, GBLUP,
rrBLUP, BayesB,
RKHS

SNPs

The predictions of Marker-based models had accuracies
that were equal to or better than pedigree-based models
(ABLUP) when using several cross-validation scenarios and
were better at ranking trees within families

By means of genomic prediction and estimation of hybrid
indices, a trade-off is between resistance and a proportion
of inherited genome. The results found show that the
genetic architecture underlying the heritability of resistance
to blight is complex

This study indicates standing tree-based measurements is
a cost-effective alternative method for GS. Selection for
density could be conducted at an earlier age than for MFA
and MOE

Ukrainetz and
Mansfield,
2020

Westbrook
etal., 2020

Zhou et al.
(2020)

For a comprehensive summary of previous studies not included here see Grattapaglia et al. (2018). Detailed abbreviations are shown at the end of the table. WUE, water use efficiency; SC, stem circumference; WD,
wood density; MOE, modulus of elasticity; MFA, microfibril angle; DBH, diameter at breast height; HT, total tree height; BHT, first bifurcation height; STR, stem straightness; SLD, slenderness index; Fl, flowering intensity;
SNR, single nucleotide polymorphism; SSR, simple sequence repeat; GBS, genotyping by sequencing.
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(i.e., an scape from inbreeding depression). On the other hand,
over-dominance corresponds to the increase in aptitude as the
result of the additive and epistatic effects of alleles that are
naturally maintained by balancing selection and only coincide
in hybrid genotypes. Hybrid breeding is nowadays widely used
at operational plantations to maximize circumference at breast
height (e.g., E. grandisx E. nitens and Pinus elliotti x P. oocarpa),
height (e.g., P. caribaea x P. tecunumanii) and resistance to
Fusarium spp. (ie., P. patula x P. tecunumanii), among other
potential uses (Burkhart et al., 2017). Backcrossing helps targeting
the introgression of desired traits from exotic sources into elite
populations, as has been done to transfer resistance to chestnut
blight into American populations from Chinese wild donors
(Cipollini et al., 2017).

Molecular breeding approaches (Badenes et al., 2016), in
which genetic markers are used to assist selection, offer promising
alternatives to speed up traditional tree breeding cycles, as
well as hybrid and backcrossing schemes. Marker-Assisted
Selection—MAS (Butcher and Southerton, 2007; Muranty et al.,
2014) and Backcrossing—MAB (Herzog and Frisch, 2011)
provide frameworks to pyramid target genetic variants of simple
Mendelian traits, which are those regulated by few major genes
(e.g., resistance to biotic stresses). Gene editing (Doudna and
Charpentier, 2014; Dort et al., 2020) and transgenics (Campbell
et al., 2003) can also transfer or silence allelic variants of major
effects within a single generation (Pereira-Lorenzo et al., 2019).
These may replicate the success of tolerant chestnuts (Alcaide
et al., 2019a; Westbrook et al., 2019) and promote reproductive
sterility (Meilan et al., 2001; Fritsche et al., 2018). Yet, molecular
breeding via MAS, MAB and gene editing is often inefficient
to trace quantitative traits as growth and adaptation to abiotic
stresses. Adaptation is often polygenic (Cortés et al., 2018b;
Barghi et al, 2020) due to many low-effect genes and their
second-order interactions (Boyle et al., 2017).

A last-generation predictive breeding (Figure 1D) approach
designed for quantitative polygenic traits is known as Genomic
Prediction—GP (Desta and Ortiz, 2014; Crossa et al.,, 2017;
Grattapaglia et al., 2018). GP standardizes infinitesimal marker-
based additive predictive models by relying on historical
phenotypic data (Meuwissen et al., 2001; Gianola et al., 2006;
de los Campos et al, 2013). Trait data must be in Linkage
Disequilibrium—LD or genetic auto-correlation (e.g., Kelleher
et al., 2012), with the molecular markers or with the samples’
genetic co-ancestry. GP utility has been demonstrated (Table 1)
in model forest tree species such as Eucalyptus (Resende et al.,
2012; Suontama et al., 2019), and conifers as Pinus (Resende
M. F. et al,, 2012; Li et al,, 2019) and Douglas-fir (Thistlethwaite
et al, 2017, 2019b), but also in non-model perennial crops
such as coffee (Sousa et al., 2018), rubber (Cros et al., 2019;
Souza et al, 2019) and oil palm (Cros et al, 2015). GP may
even fit epigenetics (Roudbar et al., 2020), as well as multi-trait
genomic models as was recently confirmed in Norway spruce for
growth, wood quality and weevil resistance traits (Lenz et al,
2020). GP could also be coupled with somatic embryo-genesis
for clonal propagation of elite genotypes by selecting elite zygotic
embryos based on their genomic breeding value (Grattapaglia
et al., 2018). GP has the potential to predict untested hybrid

genotypes (Technow et al, 2014) in woody perennials (Cros
et al., 2017; Tan et al,, 2017) by genotyping potential parental
lines and phenotyping few F1 hybrids. Prioritizing inter-specific
combinations for field trials can speed up hybrid breeding.
Meanwhile, like already envision for chestnut (Westbrook et al.,
2020), Genomic-Assisted Backcrossing (GABC) will replace
MAB as the strategy to assist introgression breeding into elite
populations from exotic germplasm.

ASSISTING GENOMIC
CHARACTERIZATION OF TREE
GERMPLASM TO CAPTURE NOVEL
VARIANTS

Exploiting tree wild populations for genomics-assisted breeding
(Figure 1E) is key to broaden the genetic basis of woody
perennial breeding programs (Migicovsky and Myles, 2017).
Specifically, diverse seed bank collections and novel tree
provenances might source (Ulian et al., 2020) exotic variation
(e.g., unique wood quality properties). They also help avoiding
genetic erosion (e.g., via infusions) and increasing long-term
adaptability to climate change (e.g., making forests more
tolerant to abiotic stresses such as drought and heat). For
example, genomic diversity analyses helped capturing rare
variants in P. trichocarpa germplasm (Piot et al., 2019) often
missed by Genome-Wide Association Studies (GWAS) in the
related species P. tremula (Khan and Korban, 2012). Expanded
phylogenomic (Wang M. et al., 2020) and species (Wang et al.,
2020) diversity may source novel alleles to support selective
breeding, as in wood quality traits for improved bioenergy
feedstock. In turn, GP might go beyond breeding, the focus of
the previous section, and feedback seed bank characterization
(Hickey et al., 2017)—e.g., by predicting seed traits (Kehel
et al, 2020) and overall yield (Crossa et al., 2007, 2016) in
diverse accessions that otherwise could not have been tested
at once in genetic field trials. Although the use of GP for
germplasm characterization is latent, it has not been fully
explored in forest tree species, a main research gap to be filled
in the oncoming years.

Tree species rich in evolutionary diversity (Shang et al., 2020)
could leverage breeding. Hybridization (Nieto Feliner et al,
2020), introgression (Burgarella et al., 2019), and polyploidy
(Mason and Wendel, 2020) have already pumped morphological
novelty by testing more genetic compatibilities than humans
ever will. Yet, genomics of adaptive radiations (Seehausen, 2004;
Madrifidn et al., 2013; Cortés et al., 2018a; Marques et al., 2019)
are challenging (Schilthuizen et al., 2004; de la Harpe et al., 2017).
Long-living oaks—Quercus (Plomion et al., 2018; Leroy et al,
2020b; Plomion and Martin, 2020) are a classical syngameon
(Cannon and Petit, 2020) - a promiscuous network of weakly
isolated species that has driven peerless historical (Crowl et al.,
2020; Hipp et al., 2020; Leroy et al., 2020c) and current (Leroy
et al.,, 2020a) adaptive introgression (Kremer and Hipp, 2020).

In short, marker-assisted schemes are liable to be implemented
at various stages during pre-breeding—e.g., in the selection of
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“plus trees” from the wild (De Dato et al, 2018), of target
parental pairs (Blair et al, 2013), and of superior offspring
(Galeano et al., 2012). These approaches also aid conservation
(Martin et al., 2012; Mattioni et al., 2017) and germplasm
tracing (Cortés et al., 2011; Blair et al., 2012; Chiocchini et al,,
2016). Still, genomic-assisted studies of germplasm may risk
focusing on productive traits and disregard locally adapted
trait variation.

GENOMICS OF ADAPTATION TO
DIFFERENT ENVIRONMENTS

Local genetic adaptation (Figure 1F) may prove useful in
the reaction of forests to climate change (Savolainen et al,
2013; Lascoux et al, 2016), for instance via gene swamping
of pre-adapted alleles (Kremer et al., 2014; de Visser et al,
2018). Nowadays there is a wide portfolio of genomic tools
that appeal to environmental variables in order to infer the
genetic basis of adaptation to abiotic stresses. Specifically,
Genome-Wide Selection Scans—GWSS (Zahn and Purnell,
2016) and Genome-Environment Associations — GEA (Rellstab
et al, 2015) aim detecting signatures of selection across
environmental gradients by pinpointing sections in the genomes
that correlate with habitat heterogeneity (Forester et al., 2016).
These approaches have successfully been used to assess variation
in bud-break phenology (McKown et al, 2018) and stomata
patterning (McKown et al, 2014) as potential responses to
climate warming in natural populations of P. trichocarpa.
They have also allow comparing the likelihoods of adaptive
reactions at continental (Holliday et al., 2011; Evans et al., 2014;
Zhou et al, 2014; Stolting et al, 2015) and regional scales
(Eckert et al., 2010; Holliday et al., 2016; Pluess et al., 2016;
Ingvarsson and Bernhardsson, 2020) across phylogenetically
diverse taxa (Yeaman et al., 2016). Currently there are even
multi-scale approaches to detect widespread divergent selection
in non-model tree species experiencing population decline
(Mayol et al., 2020).

Local adaptation to climate change can be further enhanced
(Figure 1G) via assisted gene flow—AGF (Aitken and Whitlock,
2013). AGF aims minimizing endogenous negative, while
maximizing exogenous positive, selection by trans-locating pre-
adapted individuals to facilitate adaptation of planted forests to
climate change (Aitken and Bemmels, 2016). Management of
local adaptation in a changing climate was recently examined
in populations from lodgepole pine (P. contorta) across
western Canada (Mahony et al., 2020). Yet, operational uses
of genomic data to guide seed transfer or AGF are still
lacking. Alternatively, genetic containment may be desired for
transgenic trees (Brunner et al., 2007b; Klocko et al.,, 2016).
The utility of these approaches in tropical forests remains to
be explored. Tropical trees are more at risk from warming
because they are closer to upper thermal limits (Freeman
et al., 2020; Sentinella et al., 2020), as in montane (Cortés
and Wheeler, 2018; Feeley et al., 2020; Tito et al., 2020)
and alpine (Wheeler et al.,, 2014, 2016; Valencia et al., 2020)
habitats. Disclosing the genetic, pan-genomic (Bayer et al,

2020), and epigenetic (Brautigam et al., 2013; Sow et al., 2018;
Barrera-Redondo et al., 2020) bases of traits underlying adaptive
responses in tree species will assist AGFE, industrial milestones,
and conservation priorities (Isabel et al., 2020) across meta-
populations (Gonzalez et al., 2020), and even micro-habitats
(Cortés et al., 2014; Abdelaziz et al., 2020).

CONCLUDING REMARKS

A major question in the interface between forests and their
environments that genomics have the potential to assist is
whether tree adaptation to the fast pace of climate change can
happen despite their long generation times (Holliday et al.,
2017). Specifically, GP offers a feasible way to predict adaptation
from allele frequencies in many genes of low effects underlying
polygenic traits (Isabel et al., 2020). This way, the role of adaptive
responses can be balanced in relation with range shifts (i.e.,
migration) and extinction as possible climate change outcomes
for tree populations (Aitken et al., 2008; Alberto et al., 2013). This
question is equally insightful for domesticated and wild stands
of forest trees, and must be coupled with reflections regarding
the best propagation and conservation schemes. For instance, the
factual consequences on genetic diversity of clonal and seedling
forestry (Ingvarsson and Dahlberg, 2018), and of assisted gene
flow (Aitken and Whitlock, 2013; Aitken and Bemmels, 2016),
must be compiled.

Forest genomics tends focusing on economically important
species. Yet, the power of population genomics must be further
extended to comprehend neutral and adaptive processes in non-
commercial species of ecological value in order to advance not
just productivity, but also climate adaptation, forest health and
conservation (Isabel et al., 2020). In this sense, GP is starting
to permeate novel non-key traits other than growth and wood
density, but still of interest for breeding, such as branching, stem
straightness and external resin bleeding (Li et al., 2019). GP is
also predicting adaptive trait variation for abiotic (Eckert et al.,
2010) and biotic (Westbrook et al., 2020) stresses. In parallel to
an enrichment of target traits, emerging genomic technologies
might unlock woody plant trait diversity beyond the model
tree species poplar, eucalyptus, willow, oak, chestnut and pecan
(Tuskan et al., 2018).

There is currently a rich mosaic of alternative genetic methods
to carry out both explicit (direct) and implied (indirect) selection
on economic- (Burdon and KlapsTé, 2019) and ecological-worth
(Holliday et al., 2017; Isabel et al., 2020) functions. These different
traits can enlighten our understanding of the consequences of
genetic divergence on the reaction of tree populations to climate
change (Kremer et al., 2014). However, novel methodological
developments should target more comprehensively complex
trait-environment relationships (Bruelheide et al., 2018). They
should also mingle between adaptive (Cortés et al., 2015b;
Sedlacek et al, 2016) and range shift (Sedlacek et al., 2014;
Wheeler et al, 2015) responses across altitudinal (Lenoir
et al., 2008; Steinbauer et al., 2018), latitudinal (Chen et al.,
2011) and micro-habitat (Sedlacek et al., 2015; Little et al,
2016) gradients.
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PERSPECTIVES

Exploring natural adaptation to changing climate and genetic
breeding for tolerance to abiotic stress in forest tree species
has traditionally been assisted by GWAS, GWSS, GEA (Cortés
et al., 2020), and AGF techniques. These approaches have
allowed identifying and utilizing naturally available, locally
adapted, variants. More recently, major developments in the
field of predictive breeding (i.e., GP) promise to speed up
selection from natural sources, as well as within the breeding
cycle, by shortening the generation intervals and increasing the
selection accuracy prior field trials. We have already identified
and discussed major improvements in this line, such as multi-
trait GP models (Lenz et al., 2020), coupled with integrative
selection scores (Burdon and KlapsTé, 2019) on novel non-
key (Li et al, 2019) and ecological-worth (Holliday et al,
2017; Isabel et al., 2020) traits. These innovations can capture
multi-scale trait-environment relationships (Bruelheide et al.,
2018) in non-model tree species (Mayol et al,, 2020). Given
the complexity and heterogeneity of trans-disciplinary data
sources, Machine Learning (ML) offers a timely predictive and
synthetizing approach capable of merging the highlights of the
GWAS, GWSS, GEA, AGF and GP techniques.

“Supervised” ML typically utilizes “labeled” training datasets
in order to cross-validate the “recall” rate of a target classification
(e.g., selection). ML powerfully handles high-dimensional
inputs of heterogeneous “features” without a joint probability
distribution (Schrider and Kern, 2018). This way, algorithmically
generated non-parametric models that avoid rejection sampling
sidestep the “curse of dimensionality” and offer new ways to
reveal complex systems (Myburg et al., 2019). ML has historically
been utilized in functional genomics (Libbrecht and Noble, 2015)
and ecological niche modeling (Phillips et al., 2017). Yet, it is now
transitioning into GWAS-coupled MAS (Cortés et al., 2015a),
GP (Crossa et al., 2019; Abdollahiarpanahi et al., 2020), GWSS
(Schrider and Kern, 2018), and demographics—as when coupled
with Approximate Bayesian Computation (Elleouet and Aitken,
2018; Liu et al., 2019).

We anticipate that ML techniques will brace GP
predictions for various traits in multi-environment trials
that aim disentangling the additive genetic variance and the
genotype X environment components. Novel developments
in the field of ML will further allow building more accurate
predictions by merging environmental variables, microhabitat
diversity, and genome-wide divergence, all within a tree-breeding
context to pivot “plus tree” selection, hybrid breeding and GABC
schemes, as well as in terms of adaptation to climate change
in natural forests. Integrative assessments (Ingvarsson et al,
2016) via ML promise harnessing adaptive trait variation in
forest tree species.
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The phenotype of trees is determined by the relationships and interactions among
genetic and environmental influences. Understanding the patterns and processes that
are responsible for phenotypic variation is facilitated by studying the relationships
between phenotype and the environment among many individuals across broad
ecological and climatic gradients. We used Pinus strobiformis, which has a wide
latitudinal distribution, as a model species to: (a) estimate the relative importance
of different environmental factors in predicting these morphological traits and (b)
characterize the spatial patterns of standing phenotypic variation of cone and seed
traits across the species’ range. A large portion of the total variation in morphological
characteristics was explained by ecological, climatic and geographical variables (54.7%
collectively). The three climate, vegetation and geographical variable groups, each
had similar total ability to explain morphological variation (43.4%, 43.8%, 51.5%,
respectively), while the topographical variable group had somewhat lower total
explanatory power (36.9%). The largest component of explained variance (33.6%) was
the four-way interaction of all variable sets, suggesting that there is strong covariation in
environmental, climate and geographical variables in their relationship to morphological
traits of southwest white pine across its range. The regression results showed that
populations in more humid and warmer climates expressed greater cone length and
seed size. This may in part facilitate populations of P strobiformis in warmer and
wetter portions of its range growing in dense, shady forest stands, because larger
seeds provide greater resources to germinants at the time of germination. Our models
provide accurate predictions of morphological traits and important insights regarding the
factors that contribute to their expression. Our results indicate that managers should be
conservative during reforestation efforts to ensure match between ecotypic variation

Frontiers in Plant Science | www.frontiersin.org 89

October 2020 | Volume 11 | Article 559697


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2020.559697
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2020.559697
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2020.559697&domain=pdf&date_stamp=2020-10-22
https://www.frontiersin.org/articles/10.3389/fpls.2020.559697/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Leal-Séenz et al.

Morphological Differences in Pinus strobiformis

in seed source populations. However, we also note that given projected large range
shift due to climate change, managers will have to balance the match between current
ecotypic variation and expected range shift and changes in local adaptive optima under

future climate conditions.

Keywords: phenotypic variation, morphological traits, climate factors, redundancy analysis, multivariate
canonical ordination, machine learning

INTRODUCTION

The interest of evolutionary ecologists has long been focused on
patterns of phenotypic variation along environmental gradients
(e.g., latitude, altitude and climate). However, this variation
is also determined by the covariance between genetic and
environmental influences (Conover et al, 2009). Studying
patterns of phenotypic variation among many individuals
along broad ecological and climatic gradients is a powerful
framework to understand the patterns and processes that
govern phenotypic expression and variation (Endler, 1986). Early
ecologists frequently noted that phenotypes of many species
change predictably along large-scale gradients of latitude, altitude
and water depth, providing the basis for several so-called
ecological rules (Bergmann, 1847; Atkinson and Sibly, 1997).
Morphological traits are important characteristics (Violle et al.,
2007) that help distinguish entities at all levels of biological
organization, including life cycles, ecological and geographical
distributions, and evolutionary and conservation status (Kaplan,
2001; Gregorius et al., 2003). For example, Delagrange et al.
(2004) showed that the crown morphology of Acer saccharum
and Betula alleghaniensis is influenced by light availability and
tree size. Wahid et al. (2006) found that the morphology of
Pinus pinaster cones and needles vary predictably along both
latitudinal and altitudinal gradients and Gil et al. (2002) reported
elevation-dependent cone and seed variation in Pinus canariensis.

Forest trees are often adapted to environmental gradients
at multiple spatial scales (Morgenstern, 1996; Savolainen et al.,
2007). The phenotype of an individual is influenced by their
genotype, their environment and interactions between them
(de Jong, 1990; Falconer and Mackay, 1996). The evolutionary
response of a phenotypic trait to selection depends on genetic
control of the trait, heritability of the trait and differential fitness
of different morphotypes of the trait in different environmental
conditions (Price, 1970). Quantifying morphological variation
within a widely distributed species across a large spatial
extent is often necessary to identify the relative importance
of different environmental factors in relation to variation in
intraspecific morphological traits (Boyd, 2002; Herrera et al.,
2002; Franks et al, 2014; Ji et al., 2016). Such knowledge
can then be applied to climate change adaptation, through
strategies such as assisted migration and assisted gene flow
(e.g., Aitken and Bemmels, 2016).

White pine species (subgenus Strobus, section Quinquefoliae,
subsection Strobus (Gernandt et al., 2005)) are widespread in
the temperate forest ecosystems of North America (Kral, 1993;
Gernandt and Pérez-de la Rosa, 2014), making them a suitable
focal group to investigate how the phenotype is influenced by

environmental gradients. Members of subgenus Strobus, section
Quinquefoliae, subsection Strobus have five needles per bundle,
such that species in this group are commonly referred to as five-
needle pines. Several white pines are also characterized by large
cones (Farjon and Styles, 1997) and large seeds (Frankis, 2009).
These include the southwestern white pine (Pinus strobiformis
Engelm.), which has wide variation in cone length, 20-50 cm
(Frankis, 2009), seed length, 1.2-1.8 cm (Farjon and Styles, 1997),
seed weight of 0.140-0.411 g (Leal-Sdenz et al.,, 2020), and a
geographical range that includes the Sierra Madre Occidental
in Mexico and the southwestern United States (Figure 1).
Southwestern white pine is of both commercial and ecological
value. Commercial products include timber, cellulose, resin and
pulp (Farjon and Styles, 1997; Villalobos-Ardmbula et al., 2014).

Ecologically, P. strobiformis is an important tree species in the
ecosystems it inhabits (Moreno-Letelier and Pifiero, 2009; Bower
et al,, 2011; Looney and Waring, 2013). The large and nutritious
seeds of white pines frequently form the foundation of large
trophic networks and promote enhanced biodiversity (Keane
and Cushman, 2018). Seeds are an important source of food
for many birds and mammals, including corvids, parrots, mice,
voles, chipmunks, squirrels and bears (Samano and Tomback,
2003; Tomback and Achuff, 2010; Looney and Waring, 2013).
In addition to contributing to biodiversity, P. strobiformis also
provides watershed protection and serves as a major floristic
component of montane forest ecosystems (Wehenkel et al., 2014),
and is a key element of mixed conifer forests across its range
(Looney and Waring, 2013; Shirk et al., 2018).

Pinus strobiformis is highly susceptible to white pine blister
rust (WPBR), an invasive tree disease caused by the fungus
Cronartium ribicola (Geils and Vogler, 2011), as are all other
white pine species (Hoff and Hagle, 1990; Sniezko et al., 2008).
The dual threats of this non-native fungal pathogen and the
projected warmer, drier climate have created an uncertain future
for P. strobiformis, as well as other white pine species (Landguth
et al., 2017; Keane and Cushman, 2018; Shirk et al., 2018).
A contraction of more than 60% in the species range by 2080
is predicted under some scenarios of greenhouse gas emissions
(Shirk et al., 2018), whereas other scenarios include a northerly
shift of more than 1,000 km in the mean latitude and an increase
of 500 m in the mean elevation of suitable habitat for the species.

Robust measurement of the degree to which morphological
variation is determined by non-genetically controlled
developmental responses to environmental gradients requires a
statistical analysis that can jointly and simultaneously account
for the ability of environmental factors to predict morphological
characteristics. RDA is a multivariate direct ordination approach
that is ideally suited to predicting multiple response variables as
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FIGURE 1 | Distribution of Pinus strobiformis (brown outlined areas, based on Shirk et al., 2018) and sample collection sites: 65 morphological data collection sites
(green circles). Base digital elevation map was from Jarvis et al. (2008).
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a function of multiple predictor variables and is the most well-
known and trusted statistical method to conduct multivariate
variance partitioning (Van Den Wollenberg, 1977; McGarigal
et al., 2000). By implementing a series of partial redundancy
analysis ordinations, the independent and joint effects of multiple
sets of predictor variables can be separated (e.g., Borcard et al.,
1992; Cushman and McGarigal, 2002, 2004). For instance, the
proportion of morphological trait variance explained by pure
effects of climatic data, spatial location or topography and the
interaction between variables can be quantified. A series of partial
redundancy analyses can then be used to identify environmental
gradients correlated with phenotypic variation across the species
range. This partitioning of the variance in morphological traits
that can be explained independently and jointly by climatic and
geographic factors is essential to understand the factors that drive
morphological variation and the scales at which they operate.

Faced with an increasingly complex and rapidly changing
future, forest managers need science-driven strategies to
maintain tree species and forests. Given the ecological
importance of Pinus strobiformis and the multiple challenges
to future regeneration of the species, it is critical to understand
factors underlying the morphological trait variation of
reproductive structures (e.g., cones and seeds) in order to
better manage reforestation and restoration efforts in the future.
We used extensive sampling across the full range of Pinus
strobiformis, to (a) estimate the relative importance of the effects
of different environmental factors on these morphological traits
and (b) characterize the spatial patterns of standing phenotypic
variation of cone and seed morphological traits.

MATERIALS AND METHODS
Species and Study Sites

Pinus strobiformis is a widely distributed white pine, ranging
from central and southern Arizona, New Mexico, western
Texas, and southwestern Colorado in the United States, to
the Sierra Madre Occidental in Mexico (Figure 1; Looney and
Waring, 2013; Villagémez-Loza et al., 2014). According to the
Mexican National Forest Inventory (2004-2009), performed by
the Mexican National Forestry Commission (CONAFOR, 2009),
P. strobiformis occurs within an area of about 2.3 million hectares
in Mexico, mainly at elevations of between 2,500 and 3,000 m,
although the suitable habitat is estimated to constitute a much
larger area (Aguirre-Gutiérrez et al., 2015; but see Shirk et al.,
2018). P. strobiformis occurs at elevations between 1,800 and
3,400 m in the southwestern United States (Looney and Waring,
2013) but occupies less than 2 % of the total forested area in
Arizona (O’Brien, 2002).

In 2015, we collected cones and seeds from 65 P. strobiformis
sites, located across a variety of abiotic conditions and a
wide latitudinal gradient in Mexico and the United States
and representing the current geographic distribution (Figure 1,
Supplementary Tables S1-S5). Sites were selected based on
accessibility and availability of ripe cones and seeds, with a
minimum distance of 5.1 km between sites. All stands were
situated in closed forests with minimal human disturbance (e.g.,

roads, cattle grazing, agriculture). Three to five trees with ripe
cones were sampled at each site (a total of 297 trees). In each site,
the sampled trees were separated by a minimum distance of 50 m,
to minimize the chance of sampling the same genetic family.

Tree, Cone and Seed Morphology Data

Collection

For each tree we recorded: Latitude, longitude and elevation
(m), diameter at breast height (cm), total tree height (m), first
live branch height (m), and crown length (m, obtained from
the difference between total height and first live branch height)
(Supplementary Tables S1, S2).

A minimum of 15 ripe cones with no signs of the presence
of insects or diseases were collected from each tree, stored and
transported in labeled bags (total 4,455 cones). These cones were
allowed to dry at ambient temperature and humidity until they
opened, and the seeds were then extracted. Empty seeds were
separated from filled seeds, either manually or with a blower. The
filled seeds were then weighed in 10-seed lots (g) on a balance
(Gonzélez-Avalos et al., 2006; Iglesias et al., 2012).

Ten ripe cones were selected at random from the 15 cones
(or more) harvested from each tree, for measurements. Total
length (cm) and width (cm) of the widest part of each cone were
recorded (the width was measured with the angle of the cone
facing upward and taking care to avoid exerting pressure on the
cone) (Bramlett et al., 1977; Gonzélez-Avalos et al., 2006; Iglesias
etal., 2012; Prieto-Ruiz et al., 2014). The cone angle was measured
with a 360° circular protractor, by placing the upper stem of the
cone aligned with 0° (Forde, 1964; Wheeler and Guries, 1982).

Three of the ten cones per tree were randomly chosen for
further measurements; three scales of the upper and three of the
lower half of each cone were selected and removed. These scales
were chosen from each third of the cone circumference, at angles
of approximately 0°, 120°, and 240°. A total of 2,673 scales from
the upper and 2,673 from the lower part of the cones were gotten
from the 297 trees. The length and width of each scale was then
measured with a digital caliper (mm). The length of the scale to
the tip and the width at the widest part of the scale were recorded.
The angle of each scale was measured using a circular protractor
and aligning each scale to 90°. Cone specific trait means were
calculated for each tree and site.

Environmental Factors and Hybrid
Degree

For each site (Figure 1), the following abiotic and biotic factors
were recorded to examine their impact on the morphological
traits of P. strobiformis: geographical aspect (0° to 360°),
slope (%), occurrence of P. strobiformis regeneration (presence),
presence or not of Ribes spp. (an alternative host for the white
pine blister rust pathogen) and presence or not of woody
species in the neighborhood (Supplementary Tables S4, S5).
We only recorded the presence of these species within a 20 m
radius of each individual P. strobiformis tree and calculated the
relative frequency of these species. The sampled trees were also
examined for signs and symptoms of white pine blister rust,
and the following rating system was applied when the disease
was present: cankers present on branches (1), bole (2), or bole
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and branches (3) (Arvanitis et al., 1984); these ratings were
then transformed into frequency of occurrence prior to analyses
(Supplementary Table S2). The climate data (20 temperature
and precipitation variables) were downloaded from the PRISM
database for the period from 1961 to 1990' (Supplementary
Table S3). For further analysis, the geographical aspect (0°
to 360°) was transformed into a cosine index - as 0° and
360° have the same zenithal aspect (Cushman and Wallin,
2002). Occurrence data were transformed into frequency of
occurrence prior to analyses of the presence of trees and shrubs
(Supplementary Tables S4, S5). We assumed that the presence
of other tree species around P. strobiformis does not directly
affect its morphological traits. However, this factor was used
as additional proxy of other abiotic factors (such as soil traits)
possibly influencing the morphological traits of P. strobiformis
(Zhang et al., 2016).

Since P. strobiformis x P. flexilis hybrids, which were only
reported in the US populations, could influence morphological
traits, we also recorded the hybrid degree (the relative hybrid
frequency or proportion of P. strobiformis to P. flexilis per
stand) as predictor variable, following Menon et al. (2018)
(Supplementary Table S1).

Statistical Analyses

Detecting Spatial Dependence in Morphological
Traits by Ordinary Kriging Analysis

We conducted ordinary kriging (ordinary Gaussian process
regression model) to spatially interpolate morphological traits,
including a 10-fold point-by-point cross validation (Batista et al.,
2016). The statistical software R (version 3.3.4) (R Development
Core Team, 2017) and the Interpolation Kriging package (ArcGIS
Desktop 10.5, 2016) were used to describe first-order variation
in the spatial pattern of the morphological cone and seed
traits, as well as the dasometric traits of the P. strobiformis
sampled trees under study. We tested the following mathematical
models for the semivariance: the spherical model, exponential
model, Gaussian model and the Stein’s parameterization. The
corrected coefficient of determination between the observed and
predicted values (R?), the Unbiased Root Mean Squared Error
of the residuals (URMSE), the mean squared error and the
mean absolute error were used to assess the goodness-of-fit.
Finally, the cone and seed traits with the best kriging model
were selected for further regression models of morphological
traits with respect to environmental variables. The modeling was
carried out using the “SP” (Pebesma and Bivand, 2005) and
“automap” packages (Hiemstra et al., 2009) including the CRS,
SpatialPixelsDataFrame, autoKrige, autoKrige.cv, and compare.cv
functions in R (version 3.3.4) (R Development Core Team, 2017).

Redundancy Analysis and Variance
Partitioning

We implemented redundancy analysis with a multi-
tiered variance partitioning method (e.g., Cushman and
McGarigal, 2002), in the “vegan” R package (version 3.3.4)

Uhttp://forest. moscowfsl.wsu.edu/climate/

(Oksanen etal.,, 2010) to quantify the independent and joint
ability of each set of environmental variables to predict
the morphological characteristics of all sampled white pine
individuals, and to measure the importance and joint interactive
effects of the variables together. Importantly, this also enabled us
to quantify the amount of morphological variation not explained
by environmental variation in our data set. We computed a four-
way partitioning among all climatic, vegetation, geographical
and topographical variables. The spatial variables included the
eigth spatial trend surface analysis terms (e.g., X, y, X"2, y"2, xy,
X2y, Xy"2, and x"2y"2; Cushman and McGarigal, 2002).

Selection of Independent Environmental
Factors Influencing Morphological Traits

Selection of appropriate independent variables is fundamental
for achieving effective predictive models (Krzanowski, 1987;
Gnanadesikan et al., 1995; Maronna et al., 2018). We tested
for significant differences in the mean values of explanatory
environmental variables across the 65 P. strobiformis stands
with morphological data (Supplementary Tables S1-S5) to
describe variation across populations. Many of our predictor
variables were not normally distributed (the variables are listed in
Supplementary Tables S1-S5). Due to the absence of normality,
we used the non-parametric Kruskal-Wallis test (Kruskal and
Wallis, 1952) to evaluate whether the observed median’s
differences in independent variables between P. strobiformis
populations were statistically significant. All environmental
variables for which we detected significant differences in median
values of morphological traits (¢ = 0.01) were included in
further analysis.

Additionally, the most important environmental factors
influencing morphological variation were also determined using
partial least squares and area under the univariate receiver
operator curve, using the “varImp” function applied to the results
of univariate analysis with the machine learning algorithm, using
Random Forest [“caret” package, function train, methods “rf
implemented in R (version 3.3.4; R Development Core Team,
2017)]. In each case, the unsupervised correlation filter was
applied to the predictors prior to modeling (see details in the
section “Regression techniques”).

The variable-importance measure was determined using
partial least squares (Kuhn, 2012), on the basis of the weighted
sums of the absolute regression coefficients. The weights are
a function of the reduction of the sums of squares across the
number of partial least squares components and are computed
separately for each outcome. The contributions of the coefficients
are thus weighted proportionally to the reduction in the sums of
squares. The trapezoidal rule was used to compute the area under
the receiver operator curve, which was used as a measure of the
variables importance (Kuhn, 2012).

Finally, we used the non-parametric Spearman’s coefficient
(rs) to determine correlations between the variables and to
estimate collinearity between important independent variables
(selected by the Kruskal-Wallis test, partial least squares or
receiver operator curve). When the 7, absolute value for the
difference between two variables was greater than 0.70, only the
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variable with the lowest p value in the Kruskal-Wallis test was
included in the regression models (as reported by Salas et al.,
2017 and Shirk et al., 2018). The relationships between the most
important variables and two most spatially dependent cone and
seed traits were represented graphically.

Modeling Spatially Dependent Cone and
Seed Traits by Machine Learning

Regression Methods

The number of variables was determined by the rule of ten events
per variable (McGarigal et al., 2000; Vittinghoff and McCulloch,
2007, i.e., a maximum of the six most important variables for
the 65 P. strobiformis stands were included in the models).
Regression models, including 5-fold cross-validations, were used
to predict the most spatially dependent P. strobiformis cone and
seed traits for selected important, independent variables in each
stand. Six machine learning algorithms were implemented in the
“caret” package and function “train” models: (i) linear regression
(method = “lm”), (ii) Random Forest (method = “rf”), (iii)
Neural Network (method = “nnet”), (iv) Model Averaged Neural
Network (method = “avNNet”), (v) Multi-Layer Perceptron
(method = “mlpWeightDecay”), and (vi) Bayesian Regularized
Neural Networks (method = “brnn”) (Venables and Ripley, 1999;
Williams et al., 2018, http://topepo.github.io/caret/index.html)
in R (version 3.3.4) (R Development Core Team, 2017). The
goodness-of-fit of the regression model was evaluated by using
the (pseudo) coeflicient of determination (R?), root of the mean
square error (RMSE), and mean squared error.

RESULTS

Detecting Spatial Dependence in
Morphological Traits by Ordinary Kriging
Analysis

The values of all studied morphological traits increased from the
northern (United States) to the southern (Mexican) populations
(e.g., cone length and seed weight were larger in southern
populations; Figure 2; Supplementary Figure S1). The best
kriging model for cone length used Stein’s parameterization
(Ri? = 0.89; URMSE = 1.72 cm; Supplementary Table S6). The
goodness-of-fit values for the seed weight and scale top angle
were slightly lower (R¢? = 0.75, URMSE = 0.04 g R;> = 0.74,
URMSE = 3.04 mm). In general, the mean cone size, seed
weight and scale angle were larger in the southern populations.
The worst-performing spatial model was that for scale top
width (R? = 0.05). There was a marginally positive relationship
between latitude and DBH (Ri? = 0.06, p = 0.033), but there
was no association between latitude and tree height (Ri* = 0.15,
p = 0.38) (Supplementary Table S6).

Redundancy Analysis and Variance
Partitioning

Collectively, vegetation, spatial, topographic, geographical, and
climatic variables explained 54.7% of the total variation
in the morphological characteristics among sampled trees

(Figure 3). Of the marginal effects of these groups of
variables, geographic variables showed the best ability to
predict morphological characteristics, accounting for 51.5%
of the variance (Supplementary Table S7), followed by
vegetation variables (43.8%), climate variables (43.4%) and finally
topographic variation (36.9%). There was very high covariation
in the explanation among these different sets of variables, with
no set explaining more than 6% (set geographic) of the variation
in morphological traits independent of the other variable sets.
The climate and topographic variable sets had very close to zero
(0.004) independent explanatory power. The largest component
of explained variance (33.6%) was the four way interaction of
all four variable sets, suggesting that there is strong co-variation
in environmental, climate and geographical variables in their
relationship to morphological characteristics of P. strobiformis
across its range. The second largest variance component was
the three-way interaction between climate, vegetation and
geographic variable sets. This shows that in total 39.6% of the
variance in morphological traits across the range of southwestern
white pine are jointly predicted by simultaneous variation in
climate, vegetation and geographic variable sets (Figure 3).

Modeling Spatially Dependent Cone and
Seed Traits Using Machine Learning
Methods

For the 65 stands with morphological data, our modeling results
indicated that growing season precipitation (GSP) was the most
important independent variable for predicting both cone length
and seed weight (Supplementary Figures S2, S3). However, the
independent variables that together produced the best model of
cone length of P. strobiformis were the GSP, winter precipitation
(WINP), summer precipitation balance (SMRPB), frequency
of occurrence of several overstory tree species (Pseudotsuga
menziesii (Mirbel) Franco, Pinus cooperi C.E. Blanco and Arbutus
xalapensis Kunth), yielding an RMSE of 1.75 cm using the
Random Forest (rf) (Table 1; Supplementary Figure S2). The
second-best model for cone length (RMSE = 1.83 cm) was
produced by the Bayesian Regularized Neural Networks (brnn)
and the same independent variables.

In contrast, the GSP, frequency of occurrence of Pseudotsuga
menziesii, mean annual temperature (MAT), SMRPB, frequency
of occurrence of P. arizonica Engelm. and J. deppeana Steud.
in the same site, were the variables that together provided
the best prediction of seed weight of P. strobiformis [with an
RMSE of 0.039 g using linear regression, (Im)]. The second best
model of seed weight (RMSE = 0.040 g) was produced using
the variables GSP, MAT, frequency of occurrence of Pseudotsuga
menziesii, frequency of occurrence of P. strobiformis, P. arizonica
and SMRPB, the brnn approach (Table 2; Supplementary
Figures S3). Higher GSP and SMRPB, lower frequency of
occurrence of Pseudotsuga menziesii, corresponded to longer
mean cone length (Supplementary Table S8). Higher GSP,
MAT, higher frequency of occurrence of P. arizonica and
J. deppeana, and lower frequency of occurrence of P. menziesii
and earlier SMRPB were correlated with greater mean seed
weights (Supplementary Table S9).
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FIGURE 2 | Ordinary kriging model and its standard error (SE) for different morphological traits: (a) Cone length (cm), (b) SE of cone length (cm), (c) Seed weight (g),
(d) SE of seed weight (g). The statistical software R (version 3.3.4) (R Development Core Team, 2017) and the Interpolation Kriging package (ArcGIS Desktop 10.5,
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Associations of Cone Length and Seed
Weight With Tree Dimension and Hybrid

Degree
The tree dimensions of DBH, total height and crown length
were only marginally and non-significantly correlated with
mean cone length (R*> = 0.03, p = 0.15; R* = 0.02, p = 0.25;
R? = 0.02, p = 0.25) and seed weight (R*> = 0.07, p = 0.04;
R? = 0.003, p = 0.67; R?> = 0.03, p = 0.19), respectively. But,
there was a moderately negative relationship between hybrid
degree and both mean cone length and seed weight (R* = 0.30,
p<0.00001), respectively.

Figure 4 shows the associations between mean cone
length and seed weight and the most important variables:
growing season precipitation (GSP), frequency of occurrence

of P. menziesii in the neighborhood, and summer precipitation
balance (SMRPB).

DISCUSSION

Modeling Spatially Dependent Cone and
Seed Traits by Machine Learning
Methods

The regression results also illustrated how environmental (GSP,
SMRPB, WINP, and MAT) factors influenced the cone length
and seed weight of P. strobiformis. The largest cones and heaviest
seeds were found in more humid and temperate climates, which
are located in the southern half of the Mexican Sierra Madre
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FIGURE 3 | Variance partitioning diagram from partial redundancy analysis
among (1) climatic, (2) vegetation, (3) geographical, and (4) topographical
variable groups. The total explained variance in morphological characteristics
among all sampled individual trees is 54.7% and the numbers in each
compartment of the diagram indicate the amount of variance explained by the
variable sets overlapping in that compartment.

Occidental. This result is in contrast to earlier work in other tree
species in the United States by Baker (1972); Schimpf (1977),
Sorensen and Miles (1978) and Stromberg and Patten (1990)
who found that seeds were larger in drier sites. This difference
may reflect the much larger and broader sample of our study,
which covered the entire species range and therefore provided
a more complete picture of phenotypic variation across the
entire distribution than was possible with more limited prior
studies. Conversely, Mazer (1989) and Telenius and Torstensson
(1991) found no significant association between seed weight and
moisture availability; again, those studies were limited by the
extent and size of sampling. Leishman and Westoby (1994b)
reported that the comparative evidence of an association between
large seeds and dry habitats is very limited, despite the general
assumption made in the scientific literature. Our study resolves
this issue by evaluating a larger, more representative and range-
wide sample, and shows strong associations of seed weight and
cone length with latitude and climate, with larger seeds and
longer cones in the southern, wetter part of the species’ range.
However, hybridization with P. flexilis also leads to smaller cones
and seeds of P. strobiformis at its northern border (Menon et al,,
2018). Finally, hybridization effects with P. ayacahuite should
not result in bigger seeds of P. strobiformis at the southern
distribution border because seeds from P. ayacahuite are much
smaller. However, hybridization with P. ayacahuite may lead to
longer cones (Leal-Séenz et al., 2020).

Redundancy Analysis and Variance
Partitioning

The strong covariation between topographical, geographic,
climatic, and vegetation in their relationship to morphological

traits suggests that the major variation in the measured
morphological traits is associated with the simultaneous and
covarying influences of spatial, climatic and topographic factors.
The dominant explanatory power of climate, vegetation and
geographic variable sets suggest that these factors are particularly
important in their relationship to morphological characteristics,
while variables in the topographic group have relatively weaker
association with morphological traits. The inability of this large
empirical sample to statistically separate the effects of climate,
vegetation and geographic groups suggests that it is difficult to
identify which specific environmental, spatial or climatic factors
may be driving observed morphological variation.

The results reported here, however, are useful in showing that
a majority of the variability in P. strobiformis morphological traits
is explainable by climatic, topographical, spatial and vegetation
variables and the degree of hybridization with P. flexilis. There
are strong patterns of morphological variation in this species
that are largely explainable by the joint and simultaneous
effects of multiple factors. It is not surprising that there
is high and inseparable covariation among these factors, as
climatic variables are known to change in predictable ways
with geographical location (latitude) and topography (elevation).
Thus, one hypothesis to explore in common garden experiments
is that the variation in morphological traits across the species
range are primarily local adaptations to climate, which covaries
with elevation and other ecological variables, and that the high
apparent relationship between morphology and topography,
space and vegetation community are spurious correlations with
the actual climatic drivers. A second, alternative, hypothesis
could be that competition with other tree species drives
the morphological differences across the range, and that the
distribution of these competitors is associated with climatic
gradients, leading to covariation of morphological traits with
climate. Our evidence suggests that cone and seed morphology
align with increasing hybridization with P. flexilis, resulting in
shorter cones and smaller seeds (Steinhoff and Andresen, 1971).
Hybridization occurs primarily in the United States populations
to the north, creating complex interactions between morphology,
climate and genetics (Menon et al., 2018).

Various studies have reported that seeds are often larger
under competitive conditions due to the enhanced survival of
larger seeds (Salisbury, 1942, 1974; Grime and Jeffrey, 1965;
Hutchinson, 1967; Ng, 1978; Foster and Janson, 1985; Mazer,
1989; Leishman and Westoby, 1994a). Egli (2017) argued that
variation in seed weight is mainly related to variation in the rate
of seed growth during rapid seed filling. Decades of provenance
trials in forest trees provide evidence for wide variation in
several key ecological traits (Alberto et al, 2013; Lind et al,
2018). For instance, in whitebark pine (Pinus albicaulis), Bower
and Aitken (2008) suggested that the phenotypic variation is
due to genetic and geographic differentiation that reflects the
long-term adaptive evolution from the last glacial maximum
and from local environmental adaptation. P. strobiformis has
a large north to south range that results in a gradient of
increasing summer precipitation and temperature of the coldest
month. The latitudinal climatic gradient along with other abiotic
factors also influenced the presence of other tree species around
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TABLE 1 | Best fit models of cone length (cm) based on 65 Pinus strobiformis stands in Mexico and United States.

Method of variable selection Machine learning algorithm Independent variable RMSE MAE R?

PLS rf GSP, WINP, SMRPB, Pseudotsuga menziesii, P cooperi, Arbutus xalapensis 1.755  1.477 0.890
PLS brnn GSP, WINP, SMRPB, Pseudotsuga menziesii, P cooperi, Arbutus xalapensis 1.832  1.514 0.867
ROC Im GSP, Pseudotsuga menziesii, MAT, SMRPB, P, arizonica, J. deppeana 1.939 1.536 0.865
PLS mipWeightDecay GSP, WINP, SMRPB, Pseudotsuga menziesii, P cooperi, Arbutus xalapensis  5.599  4.971 0.191
KW avNNet GSP, MAT, Pseudotsuga menziesii, P. strobiformis, P, arizonica, SMRPB 17.852 17.125 0.658
KW nnet GSP, MAT, Pseudotsuga menziesii, P strobiformis, P, arizonica, SMRPB 17.856 17.128 0.621

PLS = Partial Least Squares, ROC = Receiver Operating Characteristic, KW = Kruskal Wallis, rf = Random Forest, brnn = Bayesian Regularized Neural Networks,
Im = linear regression, mipWeightDecay = Multi-Layer Perceptron, nnet = Neural Network, avNNet = Model Averaged Neural Network, RMSE = Root-mean-square
error, MAE = Mean Absolute Error, R = R squared, GSP = Growing season precipitation, April to September, Pseudotsuga menziesii = frequency of occurrence of
Pseudotsuga menziesii in the neighborhood, SMRPB = Summer precipitation balance: (jul+aug-+sep)/(apr+may-+jun), Juniperus deppeana = frequency of occurrence
of Juniperus deppeana in the neighborhood, R arizonica = frequency of occurrence of P. arizonica in the neighborhood, P. strobiformis = frequency of occurrence of
P, strobiformis in the neighborhood, P. cooperi = frequency of occurrence of P. cooperi in the neighborhood, Arbutus xalapensis = frequency of occurrence of Arbutus
xalapensis, Arctostaphylos pungens = frequency of occurrence of Arctostaphylos pungens MAT = Mean annual temperature (degrees C), WINP = Winter precipitation:
(nov+dec+jan+-feb).

TABLE 2 | Best fit models of seed weight (g), based on 65 Pinus strobiformis stands in Mexico and United States.

Method of Machine learning Independent variables RMSE MAE R?
variable selection algorithm

ROC Im GSP, Pseudotsuga menziesii, MAT, SMRPB, P, arizonica, J. deppeana 0.039 0.033 0.798
KW brnn GSP, MAT, Pseudotsuga menziesii, P. strobiformis, P arizonica, SMRPB 0.040 0.081 0.780
KW rf GSP, MAT, Pseudotsuga menziesii, P strobiformis, P. arizonica, SMRPB 0.041 0.033 0.752
PLS avNNet DDO, Pseudotsuga menziesii, R arizonica, Arctostaphylos pungens, Arbutus xalapensis, SMRPB ~ 0.043  0.037 0.769
PLS nnet DDO, Pseudotsuga menziesii, P. arizonica, Arctostaphylos pungens, Arbutus xalapensis, SMRPB ~ 0.048 0.039 0.738
PLS mipWeightDecay DDO, Pseudotsuga menziesii, P. arizonica, Arctostaphylos pungens, Arbutus xalapensis, SMRPB ~ 0.075  0.061 0.468

PLS = Partial Least Squares, ROC = Receiver Operating Characteristic, KW = Kruskal Wallis, rf = Random Forest, brnn = Bayesian Regularized Neural Networks,
Im = linear regression, mipWeightDecay = Multi-Layer Perceptron, nnet = Neural Network, avNNet = Model Averaged Neural Network, RMSE = Root-mean-square error,
MAE = Mean Absolute Error, R? = R squared, GSP = Growing season precipitation, April to September, Pseudotsuga menziesii = frequency of occurrence of Pseudotsuga
menziesii in the neighborhood, SMRPB = Summer precipitation balance: (jul+aug+sep)/(apr+may+jun), Juniperus deppeana = frequency of occurrence of Juniperus
deppeana in the neighborhood, P, arizonica = frequency of occurrence of P arizonica in the neighborhood, Arbutus xalapensis = frequency of occurrence of Arbutus
xalapensis in the neighborhood, Arctostaphylos pungens = frequency of occurrence of Arctostaphylos pungens in the neighborhood, MAT = Mean annual temperature
(degrees C), P, strobiformis = frequency of occurrence of P, strobiformis in the neighborhood, DDO = Degree-days < 0 degrees C (based on mean monthly temperature).

P. strobiformis. Therefore, the frequency of occurrence of these
species corresponded to the cone length and seed weight as proxy
of other abiotic and ecological factors of morphological traits
(Zhang et al,, 2016, Bafares-de-Dios et al., 2020). For example,
we detected Pseudotsuga menziesii only in the United States
sites, while Juniperus deppeana, P. arizonica, P. cooperi, and
A. xalapensis were found only in the Mexico sites, and in the seed
weight model the former species is associated with lower seed
weights and the latter species with heavier average seed weights.
Many researchers have argued that variation in cone or
seed size within species are closely associated with fitness and,
therefore, with adaptive evolution (Roach, 1987; Winn, 1988;
Biere, 1991; Platenkamp and Shaw, 1993; Ji et al., 2011). Seed
size may also influence seed dispersal (Herrera et al., 1994;
Jordano, 1995; Martinez et al.,, 2007; Shimada et al., 2015).
Wang and Ives (2017) reported that seed weight affected almost
all choices that rodents made in eating, removing and storing
individual seeds. At the level of individual trees, larger seeds
have improved probabilities of both predation and effective
dispersal. Leslie et al. (2017) also reported that larger seeds were
dispersed by animals while smaller seeds were dispersed by the
wind and that the morphology of the cones is associated with
the size of the seeds. Other studies have reported that latitude,

genome size, forest structure, growth form and seed dispersal
are related to differences in seed size (Salisbury, 1974; Lord
et al., 1997; Leishman et al., 2000; Beaulieu et al., 2007). As the
climate continues to shift, the morphological differences between
the northern and southern P. strobiformis populations may
result in differing reforestation patterns and affect management
recommendations (Goodrich et al., 2018; Schoettle et al., 2018).

Common Gardens, Gradient Modeling

and Simulation

Experimental common garden studies could separate these
influences to some degree, by replicating species combinations
across climatic gradients. Common garden experiments are
important additionally to quantify the relative degree of
phenotypic plasticity and, while they are unlikely to show local
adaptation in action, they can show the signature of past local
adaptation in the portion of the variance that is not ascribable
to phenotypic plasticity. Ultimately, the observed morphological
variation is a product of demographic history, local adaptation to
climate and environment, phenotypic plasticity, and how these
interact in the context of local environmental conditions. The
importance of demographic history and genetic drift could be
noted in the high explanatory power of geographic variables
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even though several of them exhibited co-variation with climate
and vegetation. To fully resolve the drivers of morphological
variation, therefore, replicated and controlled common-garden
experiments across the species range, representing combinations
of all variable sets (e.g., topography, space, environment and
genetics) are essential (Cushman, 2014). These common garden
experiments should reciprocally transplant tree families from
across the full range, and associate their expressed phenotypic
variation with garden specific values of environmental variables,
the values of these variables in the location of their maternal
trees, and their individual genomic characteristics. Only through
replicated and controlled experiments across ecological gradients
that associate expressed variation with both environmental and
genomic variability can we reliably identify and quantify the
drivers of phenotypic variation (Sork et al., 2013).

In practice, however, such common garden studies may have
limited practicality given the length of time needed for common
garden plots to establish and mature to such a degree that they
influence the expression or selection of morphological traits
of long lived tree species. In addition, these gardens would
have to be large to sufficiently represent forest stand conditions
that would reflect competitive dynamics that drive selection
or phenotypic plasticity. Finally, given that potentially a large
amount of the variation in expressed phenotype is genetically
controlled local adaptation, such common gardens would not
necessarily show changes in phenotype in time frames feasible
for experimentation, given multiple generations of selection are
required to observe microevolutionary change in response to
selection pressures related to competition or climate. Maintaining
a large sample of spatially extensive gardens for many decades is
a logistical and financial challenge.

Broad-scale sampling of genomic variation, morphological
characteristics, and environmental variables across the species
range provides another powerful framework to disentangle
space, environment, climate, competition and genetic factors
in influencing morphology (e.g., Cushman, 2014). Therefore, it
is likely that the most effective way to separate the covarying
influences of climate and competition on phenotypic variation
will be through large-scale sampling of genomic variation across
the population and association of this genomic variation with
local environmental, climatic, and community conditions, and
partitioning of the variance in morphological traits that are
explainable by genomic variation vs. environmental variation.
This would show the portion of morphological variation that is
genetically correlated, which potentially indicates the degree of
local adaptation. Specifically, while sampling standing variation
in morphology and genomics across a species range does not
enable experimental control necessary to isolate particular drivers
with strong inferences, it does allow comparative mensurative
designs that can trade space for time, and, critically, sample
conditions in situ and at scales in both space and time that
are operative and influential on the evolution and community
dynamics of trees (McGarigal and Cushman, 2002). Thus
we recommend future research combine and couple both
broad-scale large-sample analysis of gene-environment gradients
across the species range that can describe variation at broad
scales and over long timer periods, with targeted, replicated

and controlled common garden experiments that can isolate
particular drivers of variation at small scales and over short times
(Cushman, 2014).

Given the difficulty of reliably isolating drivers and
apportioning explanatory variance among them with either
observational or common garden experiments on long-
lived tree species, we also recommend the use of simulation
modeling (e.g., Landguth and Cushman, 2010; Landguth et al.,
2017). Specifically, employing an individual-based, spatially
explicit eco-evolutionary model (e.g., Landguth et al, 2020)
to simulate the interactions of different degrees of gene flow,
drift, environmental selection and phenotypic plasticity provides
a unique means to explore the potential interactions of these
factors and quantify the patterns of genomic and phenotypic
variation that can be expected under these interactions (e.g.,
Cushman, 2015; Cushman and Landguth, 2016).

Implications for Management and

Conservation

The ability of P. strobiformis to colonize its expected future
range (Shirk et al., 2018) will be influenced by numerous factors,
including colonization at the leading edge of the range shift,
seed dispersal dynamics, resistance to white pine blister rust,
competition with other species, introgression and hybridization
(Menon et al., 2020), and genetic adaptation to local climate
(Goodrich et al., 2016; Bucholz et al., 2020). Through our results,
we have a better understanding of the environmental controls
on cone and seed morphology, and we can more adequately
evaluate seed provenances and transfer zones and provide
better information for assisted migration strategies. Current best
practices for seed transfer, such as (a) promoting a tight network
of seed stands to prevent greater loss of local genetic variants and
structure and (b) using the seeds to establish seedlings within
a limited radius from each seed stand/provenance (Hernandez-
Velasco et al., 2017), are likely to exhibit continued success in
the near future. Such practices are essential for current and near-
future reforestation programs, including assisted migration or
the establishment of new populations in areas that should be
appropriate for specific species under expected climate change
scenarios (Wehenkel et al.,, 2017). However, more innovative
practices will be required under new climates not conducive to
the reproductive success of local populations. This is particularly
important given the large projected climate-driven range shift
of P. strobiformis and predicted large climatic changes within
the parts of the range that are likely to remain occupied
(Shirk et al., 2018). We recommend a proactive approach, in
which reforestation programs incorporate both local and regional
seed sources and allow for assisted gene flow (Aitken and
Bemmels, 2016). For example, a manager of P. strobiformis
might include seed sources from the provenance that is most
similar to the projected future climate of the planting location
(given climate predictions for the species; Shirk et al., 2018)
alongside local sources on sites of least aridity (Bucholz et al.,
2020). Such a strategy promotes the local genetic structure while
providing for adaptation to changing climates and allowing
managers flexibility in determining seed sources most suitable

Frontiers in Plant Science | www.frontiersin.org

October 2020 | Volume 11 | Article 559697


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Leal-Séenz et al.

Morphological Differences in Pinus strobiformis

given other management considerations (e.g., white pine blister
rust). As cone length and seed weight are probably also related
to local/regional genetic adaptation (Rawat and Bakshi, 2011),
these variables could be included in future climate-based seed
transfer guidelines, providing suggestions for average cone
lengths and seed weights most appropriate for a given site,
including information on degree of hybridization present or
desired for a planting site. Given the observed high covariation
between climatic, community structure and geographic factors
in this study, and the difficulty in separating them statistically
or experimentally, there may be no silver bullet for managers to
decide on the merits of different planting and assisted migration
strategies. Again, given the difficulty of using observational or
experimental data to guide these decisions, it may be useful
to augment such studies with simulations that can control the
interactions of these factors across large ranges of scale in both
space and time to quantify the potential roles and influences of
each factor in the context and interactions with the others (e.g.,
Landguth et al., 2017).

Scope and Limitations

Importantly, these results show that the pattern of morphological
variation in P. strobiformis is highly predictable in relation to a
combination of geographic, floristic, climatic and topographical
variables. It is interesting to note that our analysis did not
include several environmental variables that are known to
strongly predict the distribution of P. strobiformis (e.g., soils;
Shirk et al., 2018). Thus, it is likely that including a broader set
of environmental variables that are limiting to P. strobiformis
fitness at different scales and in different contexts would
increase the amount of variance explained in morphological
characteristics across the species range. Additionally, our analysis
does not formally integrate observed genomic variation among
individual trees in comparison to expressed phenotype across
gradients of environmental, climatic and geographic gradients.
Future work should therefore focus on collecting these factors
simultaneously for a large number of trees across the full extent
of the species range and ecological conditions to enable more
rigorous evaluation of the degree to which genomic variation
can explain observed phenotypic variation, and to what degree
it is covarying and thus potentially controlled by selection along
environmental gradients. Such studies would also be able to
quantify the degree to which admixture with peripatric sister
species (e.g., P. flexilis) confounds and contributes to observed
variation in phenotypic characteristics along geographical and
environmental gradients. Another area that would be valuable
to integrate into analyses of relationships between phenotypic
variation, geography, community structure and environmental
gradients would be formal accounting of the influences of
phylogeographic and demographic history. Phylogeographic
and demographic history create non-stationary and non-
equilibrium patterns of genetic structure across populations
that are not linearly related to local adaptation or patterns of
gene flow (e.g., Dyer et al, 2010). Developing and integrating
methods that can account for this therefore is valuable.
Again, simulation modeling (Cushman, 2015) may be the most
powerful way to account for the interactions of gene flow,

drift and selection within varying contexts of phylogeographic
and demographic history, given their ability to stipulate and
control all the factors that interact in a way that enables
simulation experiments to robustly evaluate each factor and its
interactions with others.

CONCLUSION

We showed that most variation in P. strobiformis morphological
characteristics is strongly correlated with climatic gradients,
suggesting selection for different morphological characteristics
under different climatic contexts. However, we could not
determine how much of the morphological variation is driven
by climate independently of covarying topographical, ecological
and spatial factors. In addition, our study does not quantify
the degree to which observed morphological variation is
genetically controlled, nor how much phenotypic plasticity
there is. We advocate for replicated and controlled reciprocal
transplant common garden experiments (e.g., Sork et al., 2013;
Cushman, 2014) which can enable rigorous separation of the
amount of phenotypic variance controlled by genotype, by
the environment and by the interaction between genotype
and environment. In addition, we suggest coupling such
common garden studies to broad-scale gradient modeling
of genomic and morphological variation across geographic,
climatic and community gradients (Cushman, 2014). Simulation
modeling, which can control all the potential factors driving
covariation between genomic, phenotypic, geographical, and
environmental factors at scales in space and time relevant
to population responses are likely to be critical to rigorously
quantify these relationships and untangle them. Ultimately
a combination of common garden, gradient modeling and
simulation studies provides the best means for advancing the
important and challenge task of understanding and predicting
eco-evolutionary dynamics across broad populations in complex
and dynamic environments (Cushman, 2014). The results
presented here, however, are useful and important in showing
spatial range-wide patterns of phenotypic variation that are
strongly associated with environmental gradients, and that a
large portion of this variation is also associated with the joint
effects of climate, topography, latitude and regional vegetation
community composition.

The combination of variance partitioning and machine
learning algorithms implemented here provides a clear
demonstration of both the relative importance and independent
effects of different climatic, geographic and environmental
factors in driving morphological variation in P. strobiformis,
but also identify the main patterns of this variation and the
variables that are most strongly associated with them. We
find that cone length, seed weight and cone morphology are
strongly related to temperature and precipitation and increase
in warmer and wetter parts of the species range. These results
show that spatial modeling across a species range can yield
accurate predictions of morphological traits as a function of
environmental gradients. These models predict the considerable
differences in geographical, topographical, climate, adaptive
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and morphological variables in the species range and may help to
distinguish the actual seed provenance of P. strobiformis.
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The application of drought stress-regulating transcription factors (TFs) offers a credible
way to improve drought tolerance in plants. However, many drought resistant TFs always
showed unintended adverse effects on plant growth or other traits. Few studies have
been conducted in trees to evaluate and overcome the pleiotropic effects of drought
tolerance TFs. Here, we report the dose-dependent effect of the Limonium bicolor
LbDREBE6 gene on its overexpression in Populus ussurensis. High- and moderate-level
overexpression of LbDREB6 significantly increased drought tolerance in a dose-
dependent manner. However, the OE18 plants showed stunted growth under normal
conditions, but they were also more sensitive to Marssonina brunnea infection than
wild type (WT) and OE14 plants. While, OE14 showed normal growth, the pathogen
tolerance of them was not significantly different from WT. Many stress-responsive
genes were up-regulated in OE18 and OE14 compared to WT, especially for OE18
plants. Meanwhile, more pathogen tolerance related genes were down-regulated in
OE18 compared to OE14 and WT plants. We achieved improved drought tolerance
by adjusting the increased levels of exogenous DREB genes to avoid the occurrence of
growth reduction and reduced disease tolerance.

Keywords: poplar, drought stress, dehydration responsive element binding transcription factor, dwarf, disease
tolerance

INTRODUCTION

Drought is among the most serious environmental stressors resulting in substantial damage
annually to the global agricultural and forestry industries (Kudo et al., 2017). Thus, improving
drought tolerance of plants is urgently needed to stabilize the global productivity of crops. Vascular
plants have evolved complex molecular strategies to cope with water deficit (Lata and Prasad,
2011; Li et al., 2014). In particular, vascular plants mediate some stress responses to drought via
transcription factors (TFs), which serve as master regulators of many stress-response genes (Singh
et al., 2002; Nakashima et al., 2014). Therefore, TFs may comprise critical targets for transgenic
engineering to modify the tolerances of plants to abiotic stressors (Quan et al., 2010). However,
the application of TFs to improve drought tolerance frequently comes at the cost of introducing
undesired phenotypes, such as dwarfism, decreased pathogen tolerance, and decreased grain yield
(Lata and Prasad, 2011; Bhargava and Sawant, 2013; Cabello et al., 2014; Shavrukov et al., 2016).
These negative effects constrain the practical utilization of drought-resistant transgenic plants based
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on TFs. Thus, to evaluate the drought tolerance conferred by TFs,
it is necessary to simultaneously predict and avoid unintended
effects in transgenic plants.

These TFs, especially the dehydration responsive element
binding (DREB) factor family member, occur in many plant
species and confer tolerance to abiotic stress (Lin et al., 2008;
Liao et al, 2017). In Arabidopsis thaliana (L.) Heynh., the
DREB subfamily is divided into six subgroups (A-1 to A-6)
based on the structural characteristics of the proteins (Agarwal
et al, 2017). Among the subgroups, A-1 and A-2 contain
DREBI and DREB2 TFs, which are known to be involved in
stress responses to low temperature, drought, and high salt
(Du et al, 2018). In Arabidopsis, DREB2 positively regulates
the expression of drought-response genes (Sakuma et al., 2006).
Overexpression of Glycine max DREBI (GmDREBI) improved
drought tolerance and responses to other abiotic stressors
in transgenic Arabidopsis and wheat (Kidokoro et al.,, 2015;
Zhou et al., 2020). Moreover, ectopic expression of GhDREBI
from cotton yielded stronger tolerance to chilling in transgenic
Nicotiana tabacum L. (tobacco) compared to the wild type (WT)
(Shan et al., 2007).

DREBs of the A-6 subgroup have also been identified from
several plant species, and their functions in stress responses and
development have been characterized. For example, expression
of GhDBP2 is greatly up-regulated during drought, salt exposure,
low temperature, and abscisic acid (ABA) treatments in
the cotyledons of cotton plants (Huang et al, 2008), and
overexpression of CmDREB6 in chrysanthemum enhanced heat
tolerance (Du et al., 2018). Similarly, JcDREB, an A-6 subgroup
member from Jatropha curcas L., a biodiesel plant, was up-
regulated by cold, salt, and drought stress, and overexpression
of JeDREB in transgenic Arabidopsis enhanced salt and freezing
tolerance (Tang et al, 2011). In tobacco, overexpression of
SsDREB, an A-6 DREB from halophilic Suaeda salsa (L.) Pall,,
increased salt and drought tolerance compared to WT plants
(Zhang et al., 2015).

Although DREBs of several subgroups are known to increase
drought tolerance, they have also been shown to inhibit growth in
transgenic plants (Huang et al., 2009). For example, ZmDREB4.1
from maize, repressed cell division and constrained leaf extension
and hypocotyl, petiole and stem elongation both natively in
transgenic tobacco (Li et al., 2018). Likewise, overexpression of
AtDREBIA in soybeans led to dwarfism and delayed flowering
(Suo et al., 2016).

DREBs are also reported to be involved in the biotic stress
signaling pathway. For example, the overexpression of At
DREBI in Solanum tuberosum L. (potato) enhanced tolerance
to the fungal pest, Fusarium solani (Mart.) Sacc. (1881)
(Charfeddine et al., 2015). In contrast, in transgenic Arabidopsis,
overexpression of MsDREB2C improved drought stress tolerance
but caused greater sensitivity to the pathogenic bacterium, Pst
DC3000 (Pseudomonas syringae Van Hall, 1904 pv. tomato
DC3000), and to the pathogenic fungus, Alternaria mali Roberts
(1914), compared to WT plants (Zhao et al., 2013). Therefore,
a more comprehensive evaluation of DREBs is needed to assess
their performance in transgenic plants under combined effects
from abiotic and biotic stressors.

Although there are significant advances in our understanding
of drought tolerance in trees, especially through model systems
such as poplars, there remains a limited number of field-
based studies on water stress in transgenic trees, particularly
under natural conditions. With respect to DREBs specifically,
there have been few studies on the A-6 subgroup in woody
plants representing either model or non-model systems. In a
study on apples, overexpression of an A-6 subfamily member,
MsDREB6.2, was found to confer drought tolerance (Liao et al.,
2017), similarly to its homolog in Arabidopsis, RAP2.4 (Lin et al.,
2008). This result suggests that A-6 DREBs may be involved
in stress tolerance in woody plants as they are in herbaceous
species. Nevertheless, data are largely lacking, and almost nothing
is known about the negative effects of DREBs on growth in
transgenic trees or the interactions of DREBs with the biotic stress
response. Overall, more tree transgenesis is urgently needed to
link physiology, systems biology, and field performance to the
benefit of silviculture industries.

In the present study, we investigated the effect of different
expression levels of LbDREB6, a DREB of the A-6 clade from
Limonium bicolor (Bunge) Kuntze, on plant growth, drought
tolerance, and pathogen susceptibility in transgenic Populus
ussuriensis Komarov under natural water-deficient conditions.
We found that moderate overexpression of LbDREB6 increased
drought tolerance but did not affect plant growth and pathogen
susceptibility, while high levels of overexpression of LbDREB6
caused stunted growth and increased sensitivity to pathogen
infections compared to the WT. Our study provides a basis
for using genetic modification to improve drought tolerance
in poplar while avoiding other adverse traits such as growth
inhibition and reduction of disease tolerance, which may have
negative implications for woody crop plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Populus ussuriensis clone Donglin plants were grown in vitro
on 1/2 MS semi-solid medium, with 0.6% w/v agar and 2%
w/v sucrose, under irradiation of 16 h-light/8 h-dark cycles
with PPFD of 46 wmol m~2.s7! at 25°C. The cuttings were
subcultured at 4-week intervals.

Vector Construction and Populus

Transformation

The coding region of LbDREB6 (Ban et al, 2011) was fused
into ProkII vector under the control of CaMV35S promoter.
The binary vector ProkII carried the gene encoding neomycin
phosphotransferase as a selection marker. The vector was
introduced into Agrobacterium strain EHA105 prior to
transformation by leaf discs using the method as described
by Zhao et al., 2017. Transformants were selected on media
containing 50 mg/L kanamycin. All transgenic plants were
confirmed by genomic PCR and by mRNA qRT-PCR.
qRT-PCR was used to quantify DREB6 transcripts using a
conserved sequence (F: TAAGTGGGTGGCTGAGAT; R:
CCTTCGGAACCGAATACTG). The P. ussurensis PuActin
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gene (GeneBank accession number: MH644084) was
used as the reference gene. All the primers are listed in
Supplementary Table 1.

All regenerated WT and transgenic plantlets with well-
developed leaf and root systems were transferred to the same size
pots containing an autoclaved sand and soil mixture (1:3 v/v)
at the same growth period. Potted plants were covered with
transparent plastic to maintain high humidity and incubated
in a growth chamber at 21°C under a 16 h photoperiod
for 2 weeks, and then the cover was removed. The growth
characterization was recorded after 3 months. The high-level
LbDREB6 overexpression lines (OE18, OE32, and OE35) and
moderate-level LLDREB6 overexpression lines (OE10, OE14, and
OE30) plants were used in the following assay.

WESTERN BLOTTING ANALYSIS

Western blotting was performed as described by Chen et al.
(2008). An anti-LbDREB6 polyclonal antibody (goat anti-
mouse biotinylated immunoglobulin) was used to recognize
LbDREB6. The antibody was prepared by the Institute of
Genetics and Developmental Biology, Chinese Academy of
Sciences. Immunoreactive polypeptides were visualized by using
the Western ECL blotting substrate BeyoECL Moon (Beyotime,
China). Imaging was performed using a LAS-4000 imaging
system (Fijifilm Life Science, United States).

Growth Characteristics

Hand cut sections of the youngest fully developed leaves of
WT, OE18, and OE14 plants that were cultured in a flask were
cut transversely at the middle of the leaf and fixed with 4%
formaldehyde in phosphate-buffered saline with 0.5% TritonX-
100 for 4 h at 23°C in a tube roller. After three 10-min washes,
sections were mounted in 0.1 mg-mL~! Calcofluor White in
water and imaged using Olympus microscopy (SZX7). Perimeters
of leaf parenchyma cells were manually traced in Olympus
Fluoview software and plotted. Using the same software, the
area of hand cut sections of WT and transgenic plant stems
was calculated. The same method was used for cross sections
of the stems. For scanning electron microscopy (SEM), stem
segments of 1-year-old plants grown in a greenhouse (OE18
and OE14) were glued onto aluminum stubs and placed on
a chamber stage that had been precooled to —120°C. The
samples were viewed using a VP-SEM instrument (S-3500N,
Hitachi, Tokyo, Japan). After the regenerated plantlets were
transferred to a greenhouse for 2 months, their height and
leaf width of were investigated. Meanwhile, the gibberellic acid
(GA) content of shoot tip samples was analyzed following the
protocol instructions of the Plant Gibberellic Acid, GA, ELISA
kit (San Diego, CA, United States). For GA treatment, plantlets
transplanted for 2 months in a greenhouse under natural sunlight
were sprayed daily with 100 puM GAj; for 15 days. After 1 month,
the height of WT, OE14, and OE18 plantlets was measured. For
each experiment, 10 samples were used with three replicates. Data
are presented as means of three biological replicates and error
bars represent =SD.

Drought Tolerance Assay

For plant growth analysis under drought stress, 6-month-old
plants grown in pots in the greenhouse were used to conduct
experiments. WT, OE14, and OE18 plants were grown under
drought conditions for 2 weeks, and re-watered under normal
conditions for a 2-week recovery period. The relative water
content (RWC,%), chlorophyll content and gas exchange were
investigated under drought stress. The growth height of WT and
transgenic plant lines were also investigated after re-watering for
2 weeks. Additionally, we cultured the sterile cutting seedling
in a flask under 7% PEG6000 treatment for 2 days. All the
experiments were repeated three times.

Physiological and Biochemical Analysis
Before conducting the following experiments, plants were
subjected to drought contains for 5 days in a greenhouse. Leaf
RWC and chlorophyll were extracted and analyzed according
to a previously published method (Wang et al., 2016). Leaf gas
exchange was measured using a portable open gas exchange
system (Li-6400; Li-Cor, Inc., Lincoln, NE, United States)
equipped with a light source (Li-6200-02B LED; Li-Cor). The
transpiration rate (Tr), stomatal conductance (Gs), and net CO,
assimilation were measured in mature leaves between 0 and
5 days after drought stress. Environmental conditions in the leaf
chamber consisted of a photosynthetic photon flux density of
1,400 jumol m~2-s~ 1, an air temperature of 25°C, and an ambient
CO, concentration of 400 jLmol mol~!. Leaf malondialdehyde
(MDA) content was determined as described by Chen et al.
(2008). The electrolyte leakage (EL,%) was used to estimate
cellular membrane stability, which was detected following the
methods described by Gu et al. (2017). Leaf hydrogen peroxide
levels were determined as described by Yin et al. (2010). The
absorption of the supernatant was read at 390 nm, and the
content of H,O; was quantified based on the standard curve. All
the experiments were repeated three times.

Inoculation of Poplar With Marssonina

Brunnea

Individuals of approximately equal size from WT, OE10, OE14,
OE30, OE18, OE32, and OE35 lines after transplantation for
2 months in a growth chamber (25°C temperature, 70%
humidity, 16 h/8 h light/dark cycle) were used for inoculation
experiments. Plants were inoculated by thoroughly spraying a
spore suspension of M. brunnea (£10° spores mL~!) onto the
abaxial leaf surfaces according to the method used by Ullah et al.
(2017). Immediately after spraying, each plant was covered with
a polyethylene terephthalate bag to maintain high humidity; this
was kept in the dark to facilitate spore germination. After 24 h, the
bags were removed. Control seedlings were sprayed with distilled
water. Leaf infection grade was set according to Zhao et al. (2017).
All the experiments were repeated three times.

Transcriptome Analysis

We performed transcriptome analysis on two groups. One
group was the fully expanded leaves, respectively, collected
from WT and transgenic plant lines (OE14 and OEI18) after
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drought treatment for 7 days in a greenhouse, and the other
group was the apical meristem with two unexpanded young
leaves which were harvested from WT, OE14, and OE18 plants
after being inoculated with the pathogen M. brunnea, for
2 days; samples were immediately frozen in liquid nitrogen
for RNA extraction. For each sample, ~20 pg total RNA of
each sample was sent to Annoroad Gene Technology Co.,
Ltd., Beijing, China for high throughout Illumina HiSeq 4000
sequencing (Illumina, San Diego, CA, United States). Each
sample was conducted with three biological replicates and
three technical replicates. The clean reads were mapped to
P. trichocarpa mRNA reference sequence using TopHat (ver.
2.0.9) software (Trapnell et al, 2009). Transcript expression
level is measured as fragments per kilobase of transcript per
million mapped reads by Cufflinks (Trapnell et al, 2010).
The reads per kilobase million (RPKM) value was used as
the threshold for judging whether the gene was expressed; |
logFC| >1.0, P < 0.01, and a false discovery rate (FDR) <
0.01 were used as a threshold for the differential expression
of genes to screen for DEGs. The DEGs and their encoded
proteins were annotated by comparing them against NCBI, the
Swiss-Prot database, NCBI non-redundant nucleotide sequence
database, and non-redundant protein database. Then, the
DEGs were imported into the Blast2 GO program (Gotz
et al, 2008) to identify gene ontology (GO) terms. Singular
enrichment analysis in agriGO database’ was performed to
identify significantly enriched GO terms. KEGG Orthology-
Based Annotation System 2.0 (KOBAS, *) was utilized to
identify significantly enriched pathways (Wu et al, 2006;
Xie et al., 2011).

qRT-PCR Analysis

RNA was extracted from leaves of WT and transgenic lines of
Populus exposed to drought stress for 7 days. Randomly selected
17 drought responsive genes in OE14 and OE18 compared to WT
plants and six genes related to drought stress in OE18 compared
to OE14 plants were verified by qRT-PCR, respectively. The
primers used are listed in Supplementary Table 1. Furthermore,
the selected 14 genes related to disease tolerance (PP2C, LRR-
I, RPS2, RPM1, PYL, ABPI19a, WRKY49, WRKY9, and NR)
and GA20ox1 were verified by qRT-PCR. All the experiments
were repeated three times. The primer sets used in this study
to validate transcriptome data are given in the Supplementary
Table 2. The raw sequence data of drought stress and pathogen
infection RNA-seq experiments have been deposited in the Gene
Expression Omnibus with the accession numbers GSE139373 and
GSE120118, respectively.

Data Analysis

Statistical testing was performed with IBM SPSS Statistics 21
(IBM Corporation, Armonk, NY, United States). The data were
tested by Student’s ¢-test (*P < 0.05 or **P < 0.01).

Uhttp://bioinfo.cau.edu.cn/agriGO/analysis.php
Zhttp://kobas.cbi.pku.edu.cn/program.run.do

RESULTS

Effect of High-Level and Moderate-Level
LbDREBG6 Overexpression on Growth in

Transgenic Populus

A total of 11 independent LDDREB6 overexpressing transgenic
poplar lines were obtained by Agrobacterium-mediated genetic
transformation and were analyzed through PCR. All lines
had the expected 1,071 bp PCR product for the LbDREB6
gene (Supplementary Figure 1A). The qRT-PCR results
indicated that the expression levels of LbDREB6 in transgenic
plants were significantly higher than that in WT plants
(Figure 1A). After transplantation for 2 months, the phenotyping
experiment demonstrated that plants of most lines that had
overexpression levels greater than 10 times that of WT plants
were significantly shorter. In comparison, other transgenic lines
with overexpression levels lower than 10 times that of the WT
showed normal growth (Figure 1B). We chose three relatively
moderate-level (OE10, OE14, and OE30) and three high-level
(OE18, OE32, and OE35) LbDREB6 overexpression lines to
conduct the following assays (Supplementary Figure 1B). The
western blotting analysis using an anti-LbDREB6 antibody
revealed that OE18 had a high LbDREB6 protein expression
compared to OE14, which was consistent with the RT-PCR result
(Supplementary Figure 1C).

Leaf width of OE18 plants was significantly larger than that of
WT plants (Figure 1C), while the leaf width was not considerably
different between OE14 and WT plants (Figure 1C). Leaf and
stem sizes are dependent on both the number and the size of
cells in the organ (Zhou et al.,, 2013). Cross sections of stems
revealed that the primary and secondary xylem rings of OE14
(Figures 1D,G) were not significantly different from WT plants
(Figures 1D,F), while OE18 stems (Figures 1D,H) increased
significantly compared to the WT plants (Figures 1D,F). As
quantified by the cross-sectional area measurements, the leaf
veins of OE14 (Figures 1E,J) was not significantly different
from WT plants (Figures 1E,I), but the leaf veins of OE18
(Figures 1E,K) were 40~50% larger than the WT plants
(Figures 1E,I). SEM observation showed that cell walls of OE14
(Figure 1M) were not significantly different from WT plants
(Figure 1L). However, the cell walls of OE18 (Figure 1N) were
considerably thicker than WT plants (Figure 1L).

Comparison of High-Level and
Moderate-Level LbDREBG

Overexpression on Drought Tolerance

We examined the effects of drought stress on WT and transgenic
poplar plants after growth in a greenhouse for 6 months. Under
well-watered conditions, performance did not differ between the
WT and the transgenic lines. However, after 7 days of drought
stress, leaves of WT plants exhibited extensive dehydration
symptoms, but only slight wilting was observed in OE14 and no
effect was seen in OE18 (Figure 2A). After 14 days of drought
stress, most of the WT leaves were chlorotic, while OE14 plant
lines had less damage compared to WT plants, and most of the
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FIGURE 1 | Growth characteristics, cross-section, and scanning electron microscopy (SEM) observation of high-level (OE18) and moderate-level (OE14) LbDREB6
overexpression lines and wild type (WT) P, ussuriensis plants. (A) gRT-PCR validations of OE18, OE14, and WT plants. PtrActin was used as an internal control. Data
are presented as means of four biological replicates, and error bars represent +SD. (B) Heights of OE18, OE14, and WT plants grown in greenhouse for 2 months.
(C) Leaf widths of WT, OE18, and OE14 plants. (D) The quantification of sectioned areas representing bark, wood, and pith regions. (E) Midrib cross-sectional areas
of WT, OE18, and OE14 plants. Samples were collected at 1 cm from the stem foundation. Cross-section of the stem in WT (F), OE14 (G), and OE18 (H) plants.
Cross-section of the leaf midrib-xylem in WT (I), OE14 (J), and OE18 (K) plants. SEM observation of cell walls in WT (L), OE14 (M), and OE18 (N) plants. For (B-E),

each value represents the mean of 20 plants with three biological replicates, and error bars represent £SD. Asterisks indicate significant differences, *P < 0.05 and
**P < 0.01.
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FIGURE 2 | Phenotypic observation of WT and transgenic plant lines under drought stress for (A) 7d, (B) 10d, (C) 12d, (D) 14d. Phenotypic observation of WT and
transgenic plant lines re-watered for (E) 7d, (F) 10d, (G) 12d, (H) 14d.
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OE18 lines were green and vigorous (Figures 2B-D). After re-
watering for 10 days, OE14 plants recovered faster than the WT
plants (Figures 2E-H).

During the drought period, the leaf RWC (%) showed
a downward trend, especially for WT plants (Figure 3A).
Furthermore, the chlorophyll level of the transgenic and WT
plants also decreased, but the transgenic plants still had a higher
chlorophyll content than WT plants (Figure 3B). Additionally,
the transgenic and WT poplars had remarkable variations in
transpiration rate (Tr), stomatal conductance (Gs), and net CO,
assimilation during the 5 days of drought stress. The Tr and Gs
in the transgenic and WT poplars showed an overall decreasing
trend but they decreased faster in WT plants than that in
transgenic poplars after 2 days of drought stress (Figures 3C,D).
The net CO;, assimilation in the transgenic and WT poplars both
decreased, but the net CO, assimilation in WT poplars decreased
much more rapidly than that in the transgenic poplars after
drought treatment (Figure 3E).

The MDA content (Figure 3F) and relative electrical
conductance (EL) (Figure 3G) of WT and transgenic plants
considerably increased after drought treatment. Among them,
the MDA content (Figure 3F) and EL (Figure 3G) in transgenic
plants decreased compared with WT plants. Meanwhile, MDA,
and EL in high-level LbDREB6 overexpression plants were less
than those in moderate-level LbDREB6 overexpression plants.
The H,O; content in the leaves of WT and transgenic plants was

not significantly different compared to that before the treatment
(Figure 3H). The H,O, content in transgenic plant leaves was
lower than that in WT plants after drought treatment, although
both showed an increased H,O, content (Figure 3H). Moreover,
the H,O; content was less in OE18, OE32, and OE35 compared
to OE10, OE14, and OE30. After re-watering, the transgenic
plants grew vigorously, and the height of OE14 was significantly
higher than the WT plants (Figure 3I), while, WT plants were
affected much more seriously and grew slowly (Figure 3I). We
also verified the result in the flask, after 7% PEG6000 treatment
for 2 days, the leaves of the WT (Supplementary Figure 2A)
were damaged early and seriously, but the OE14 (Supplementary
Figure 2B) and OE18 (Supplementary Figure 2C) plants
still grew normally. This result was consistent with that of
the experiment conducted in the greenhouse. Altogether, the
transgenic poplars had better tolerance to drought stress than WT
plants and high expression levels of LbDREB6 with less damage
suffered from drought stress.

Expression Comparison of Downstream
Target Genes Between OE14 and OE18
Leaf Transcriptomes in Response to
Drought Stress

We used the Illumina sequencing platform to sequence the
leaf transcriptomes of the WT and LbDREB6-transgenic plants
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under drought stress for 7 days. We identified a total of 20698
differentially expressed genes (DEGs) during drought stress
(P < 0.05 and FDR < 0.001). Among these DEGs, there were
2,766 (1,654 up, 1,112 down, Supplementary Data 1) in OE14
and 9,442 (5,862 up, 3,580 down, Supplementary Data 2)
in OE18 compared to the WT, respectively, and 8,490 (5,213
up, 3,277 down, Supplementary Data 3) were identified in
OE18 compared to OE14 plants. Finally, a total of 879 DEGs
were common in three groups (Supplementary Data 4 and
Figure 4A). Of the common 879 DEGs, there were 707 up-
regulated and 172 down-regulated genes; we found that multiple
drought stress related downstream genes were differentially
expressed, such as aquaporin (AQP) tonoplast intrinsic protein
(TIP), glutathione S-transferase (GST), and some transcriptional
factors. To verify the NGS data, the expression levels of eight

genes were examined in WT, OE1l4, and OE18 plants with
drought treatment by qRT-PCR (Figures 4B-H). It was found
that the expression levels of all the genes tested were increased in
the transgenic plants compared to the WT plants under drought
treatment except ABA8’OH and WRKY46 in OE18 (Figure 4G).
Among them, the expression levels of seven genes were higher
in OE18 than those in OE14 plants (Figures 4B-FH-L), and
there were no significant differences in expression levels of the
five genes between OE14 and OE18 plants (Supplementary
Figures 4A-E) except WRKY46 (Supplementary Figure 4F).
It was likely that these DEGs resulted in drought resistance
of OE18 and OE14 when compared to WT plants. In OEIS,
we also found some DEGs that were probably related to
the drought tolerance phenotype when compared to OE14
plants (Supplementary Data 3). Most of these DEGs were
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up-regulated, for example, major intrinsic protein (MIP)
(Potri.003G050900, Potri.005G109300, and Potri.006G121700),
cellulose synthase-like protein D5 (CSLD5) (Potri.014G125100),
2 galactinol synthase genes (GolS) (Potri.002G191600 and
Potri.010G150400), and 5 late embryogenesis abundant
(LEA) protein genes (Potri.018G052500, Potri.002G124600,
Potri.009G003800, Potri.010G012100, and Potri.010G012100)

responded to water deprivation; 2 peroxidase genes
(Potri.007G122100 and  Potri.018G015500), thioredoxin
gene (Potri.001G028500), peptide methionine sulfoxide

reductase B5 (MSRB5) (Potri.008G198600), L-ascorbate oxidase
(Potri.004G010100), and peptide methionine sulfoxide reductase
(MSRA) (Potri.T135400) respond to oxidative stress; 3 ABP19a
(Potri.013G141900, Potri.001G169000, and Potri.003G065300),
Metalloendoproteinase 2-MMP (Potri.019G073800), and 2
GST (Potri.011G140400 and Potri.011G140600) genes were
involved in auxin-activated signaling pathways and development
processes. We randomly selected some related genes to conduct
qRT-PCR verification. The qRT-PCR analysis result showed that
ABP19a (Potri.001G169000), TIP2-1 (Potri.003G050900), PIP2-8
(Potri.005G109300), LEA (Potri.018G052500), and Peroxidase 18
(Potri.018G015500) were highly induced in OE18 compared to
OE14 except GolS (Potri.010G15040) (Supplementary Figure 5).
These results were consistent with the transcriptome data.

Effect of High- and Moderate-Level
LbDREBG6 Overexpression on

Susceptibility to Marssonina Brunnea

After inoculation with the fungus M. brunnea, the OE14 line
(Figures 5B,D) displayed no significant difference in phenotype
compared to the WT (Figures 5A,D), while the lesion area on
OE18 was larger than that of the WT (Figures 5C,D). This
suggests that the enhanced expression level of LbDREBG6 affects
the susceptibility of poplar to the fungus. The MDA content of
WT, OE14, and OE18 lines considerably increased after pathogen
treatment (Figure 5E); the MDA content in OE18 plants was
greater than that in WT plants compared to OE14 plants
(Figure 5E). In addition, the relative EL showed the same trend of
change (Figure 5F), indicating the leaves of OE18 plants showed
severe membrane damage compared to OE14 plants. Overall, the
susceptibility to M. brunnea infection in OE18 increased and that
in OE14 was not altered compared to WT plants.

Comparison of OE18 and OE14 on
Expression of Genes Involved in Disease

Tolerance Under Pathogen Infection

To determine the possible pathways of LbDREB6 in pathogen
defense, we conducted transcriptomic sequencing of leaf
inoculated with the pathogen M. brunnea, for two days, from
which we obtained 53.20 Gb clean reads (18.2-24.7 million
per library, Q30 > 95.02%). Approximately 68.3-70.42% clean
reads per library could be mapped to the P. trichocarpa
genome (Supplementary Table 3). The quality of the assembled
transcriptome was appropriate for functional annotation and
further analysis compared with the WT.

Based on the transcriptome annotation, a total of 688 DEGs
were identified in OE18 when compared to both the WT
and OE14 plants (Figure 6A and Supplementary Data 3). In
total, 58 DEGs related to disease tolerance were identified in
OE18 plants including 41 up-regulated and 17 down-regulated
genes (Supplementary Data 3). Plants have two different plant-
pathogen interaction sub-pathways, pattern triggered immunity
(PTI) and effector-triggered immunity (ETI) (He et al., 2015).
In PTI, there were 17 genes differently expressed in OE18 when
compared to both the WT and OE14 plants, including translated
nucleotide-binding leucine-rich repeat (NB-LRR) kinase EFR,
two WRKY TFs (WRKY49 and WRKY7), three ubiquitin E3
ligases, and some receptor-like proteins involved in immune
response and regulating the expression downstream defense-
related genes. In ETI, we found that two disease tolerance
proteins RPM1 and one disease tolerance protein RPS2 were
down-regulated. In addition, two nitrite reductase differentially
induced genes were down-regulated in OE18 when compared
to both the WT and OE14 plants. KEGG enrichment revealed
that DEGs related to plant hormone signal transduction, followed
by plant-pathogen interactions and biosynthesis of amino acids
were enriched in OE18 plants when compared to both the WT
and OE14 plants (Figure 6B); similarly, plant hormone signal
transduction and plant-pathogen interactions were enriched
in OE18 plants compared with both WT and OE14 plants
(Figure 6C). In plant hormone pathways, one PYR/PYL family
protein, two protein phosphatases 2C (PP2C), and two auxin-
binding proteins ABP19a were also differentially expressed.

We selected some DEGs involved in plant-pathogen
interaction pathways and ABA regulation to conduct gRT-PCR
analysis. The result showed PP2C-1, NB-LRR-1, NB-LRR-2,
RPS2, RPM1-1, RPM1-2, PYL4, WRKY49, and NR genes were
down-regulated in OE18 plants when compared to both the WT
and OE14 plants (Figure 7).

Effect of High-Level and Moderate-Level
LbDREBG6 Overexpression on GA20ox1

Gene Expression

We found that the GA 20-oxidase 1 (GA200x1) gene was down-
regulated in OE18 plants when compared to both WT and OE14
plants from the shoot tip transcriptome dataset. The qRT-PCR
results showed that the expression level of GA200x1 in OE18 was
decreased to ~50 and 49% when compared to the WT plants
and OE14, respectively (Figure 8A). However, the expression of
GA20o0x1 was not significantly different between the OE14 and
WT plants (Figure 8A). To investigate if there is a difference
in GA content between WT and transgenic plants, all samples
of shoot tips were harvested after plants were transplanted
into pots for 2 months. There was no significant difference
between the WT or moderate-level LbDREB6 overexpression
plants, but GA in high-level LbDREB6 overexpression plants
was significantly lower, by ~25%, when compared to the WT
plants (Figure 8B). This was consistent with the gene expression
pattern of GA20ox1 in the samples (Figure 8A). To examine
whether the dwarf phenotype was caused by GA deficiency,
we cultivated WT and transgenic plantlets transplanted in a
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greenhouse under natural sunlight for 2 months and they were
sprayed daily with 100 wM GAj3 for 15 days. Under these
conditions, the height of the transgenic as well as the WT plants
increased rapidly, especially for OE18 plants (Supplementary
Figure 3). The increased ratio of OE18 plant height was higher
than that of WT plants (Supplementary Figure 3). These
results demonstrated that high-level overexpression of LDDREB6
decreased growth rate, probably by inhibiting GA synthesis, while
moderate overexpression of LDREB6 did not change the normal
growth of transgenic P. ussuriensis.

DISCUSSION

Increasingly, numerous studies are showing that DREBs have
crucial roles in regulating plant development and responses
to both abiotic and biotic stresses. However, there have been
only a few studies to date to investigate the multi-directional
effects of DREBs in trees. In the present study, we overexpressed
LbDREB6 in poplar to investigate the role of this A-6 DREB
TF in regulating plant growth, drought tolerance, and disease
tolerance. We found that in the transgenic line of poplar with
high levels of overexpression of LbDREB6, drought tolerance
was greatly improved, but growth was inhibited, and there was
a decreased tolerance to fungal pathogens. In contrast, in the
plants having a moderate level of overexpression of LbDREBS,
we observed drought tolerance along with normal growth and no
effects on pathogen tolerance. Our study suggests that drought

tolerance can be improved by carefully adjusting the levels of
overexpression of DREB TF genes to avoid the occurrence of
unfavorable effects.

The abilities of plants to respond to drought stress can
sometimes be predicted by their varying capacities to modulate
key physiological and biochemical responses at the cellular level,
including changes in membrane integrity, internal water balance,
and the accumulation of osmolytes and antioxidants (Kang
et al,, 2011). MDA, the final product of lipid-peroxidation, is
one well-known marker of cell membrane injury (Taulavuori
et al., 2001; Anjum et al., 2015), while accumulation of reactive
oxygen species (ROS) can be scavenged by antioxidants (Royer
and Noctor, 2003). Our results showed that the levels of
MDA, H,0;, and ROS, in plants overexpressing LbDREB6
under water deficit conditions were lower compared to WT
plants. The lower levels of H,O, may indicate that LbDREB6
conferred enhanced protection from oxidative damage and a
better ROS scavenging ability in the transgenic plants. Lower
MDA levels seem to indicate that the transgenic plants had
greater membrane integrity to withstand cellular-level effects
of water loss. Our results were similar to observations in
358:MsDREB6.2-transgenic apple, which had improved tolerance
to drought stress (Liao et al., 2017) and coincided with lower
levels of ROS and MDA. Another measure of membrane integrity
is EL (Gu et al., 2017). In this study, the lower rate of increase
in EL in plants overexpressing LbDREB6 suggests that less
cell damage occurred from drought stress. This physiological
change within the overexpression lines may account for the

Frontiers in Plant Science | www.frontiersin.org

114

November 2020 | Volume 11 | Article 528550


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yang et al.

LbDREB6 Affect Growth, Drought, and Disease

A
(o]
B
Celdr hocenses ad
ey — | Pochabien sy s
Corecx ikt on Rocmyng - N
OE14-OE18 [
[
Ot nd namee weatokn
acza vewotn
Cyoiuh | 3o
Prbcas and gt st e onen s
Mogamae vetdoben
o reobey
Wlwwl";:u-mm Medden
mm-:::::
TOnxcatoodeacd weatobn
Bt o pe) X
Cator weutoky
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higher RWC compared to WT plants under drought stress.
These results indicate that the LhODREB6-overexpressing plants
achieved better water balance to alleviate water deficiency and
had higher drought tolerance compared to the non-transgenic
WT plants. Additionally, both OE14 and OE18 showed better
growth compared to WT plants under drought stress, though the
OE18 line exhibited greater drought tolerance than OE14.

When the plants were subjected to drought stress, a large
number of genes were differentially expressed compared to
plants under normal growth conditions, and subsequently, many
protein or metabolic products were generated to help protect
the plant from drought stress. In this study, overexpression of
LbDREBEG yielded increased transcription of many downstream
genes. This is expected because TFs like LODREB6 are significant
upstream regulatory proteins, which play a major role in multiple
pathways when plants are subjected to drought stress (Ning
et al., 2011). Prior studies also revealed that transcription of
downstream genes was increased when DREB TFs were up-
regulated. For example, MdSHINE?2 from apple (a homolog of
AtSHINE2 in Arabidopsis), an A-6 DREB, conferred drought
tolerance by regulating wax biosynthesis (Zhang et al., 2019).
Similarly, Arabidopsis transformed with GmWRKY54, an A-
6 DREB from soybean, conferred salt and drought tolerance,
possibly through the regulation of DREB2A and STZ/Zat10

(Zhou et al., 2008). Additionally, RAP2.4 in Arabidopsis regulated
the expression of the plasma membrane intrinsic protein (PIP)
and TIP subfamilies of AQPs, which are integral membrane
proteins, in response to drought stress (Rae et al, 2011).
AQPs, especially PIP and TIP, are believed to play key roles
in maintaining water homeostasis (Alexandersson et al., 2005;
Rae et al., 2011).

In the current study, we found differential expression of
several genes involved in drought response pathways between the
transgenic lines and the WT. Notably, we found that two GST
genes, which constitute part of an antioxidant defense system,
were induced in transgenic LbDREBG6 overexpression lines.
Activation of the GST antioxidant system occurred in response to
ROS (Noctor et al., 2014; Fox et al., 2017) and indicates that the
poplar trees were protected from ROS that resulted from drought.
We also found that a key regulator of ABA catabolism, ABAS’OH
(Potri.004G235400), was down-regulated in the OE18 line when
compared to OE14. ABA is an important phytohormone that
regulates plant water use, and thus, it is correlated with drought
tolerance. While ABA can be applied exogenously to facilitate
drought tolerance, this approach has limited utility because ABA
is rapidly inactivated. Therefore, genes that regulate levels of
endogenous ABA are of critical importance to develop drought
resistant crops (Takeuchi et al., 2016). Down-regulation of

Frontiers in Plant Science | www.frontiersin.org

November 2020 | Volume 11 | Article 528550


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yang et al.

LbDREB6 Affect Growth, Drought, and Disease

PP2C-1 NB-LRR-1 NB-LRR-2 RPS2 RPMI
*k *k *x *%
- - - - _ e
1.5 —— 1.5 v 1.5 - 2.5 s s 1.5
ns ns ns ———
,_lh ns
) e [
g g g g g
2 ) £ S | 2 S |
g 1.0 é E 1.0 {’Jj § 1.0
3 = & S 2
o e o o o
2 2 2 2 2
£ 051 = £ 0.5 £ Z 051
& & & & I~
0.0- " " 0.0 " . " -
WT OEl4 OEIS WT OEl4 OEIS WT OEl4 OEIS WT OEl4 OEI8 WT OEl4 OEIS
PYL4 WRKY49 NR
e ABP194-1 ABP194-2 o
o - 1.5 sk
1.5 l—**l 1.59 1.5 ,—**l - "k
ns I I —— ns
- l_\ ns **
g = = .5 g
-2 -2 2 2 1.04 ‘Z 1.0
2 1.09 Z 1.0 Z 1.0 s z L
2 2 2 2 £
E 0.5 = 0.5 £ 0.5 = 057 Z 054
2 & & ~ ]
0.0- 0.0+ 0.0- 0.0 0.0-

WT OEl4 OEI18 WT OEl4 OEI18 WT OEl4 OEI8 WT OEl4 OEI8 WT OEl4 OEIS8

FIGURE 7 | Quantitative real-time PCR analyses of the transcript levels of disease tolerance related genes in leaves of high-level (OE18) and moderate-level (OE14)
LbDREBG6 overexpression lines and WT P, ussuriensis plants under M. brunnea infection treatment. Data are presented as means of three biological replicates, and

error bars represent +SD. Asterisks indicate significant differences, *P < 0.05 and **P < 0.01.

*%k

o
]

o
W
]

Relative expression

0.0-

WT OEl4  OEIS8

differences, *P < 0.05 and **P < 0.01.

FIGURE 8 | Quantitative real-time PCR analyses of the transcript levels of the GA200x7 gene and GA content detection in leaves of high-level (OE18) and
moderate-level (OE14) LbDREBG overexpression lines and WT R ussuriensis plants. (A) gRT-PCR analysis of the GA200x7 gene. (B) GA content determination in
leaves of WT and transgenic plants. Data are presented as means of three biological replicates, and error bars represent +SD. Asterisks indicate significant

B *%k
157 [ s ]
[ ] |
) -
E]O
&
=
Q
=
S 54
<
&)
O..
WT OE14 OEI8

ABA8’OH should decrease catabolism of ABA, and therefore
probably improves drought tolerance in the OE18 line. Taken
together, these results suggest that LODREB6 can regulate
large groups of stress-related genes, and subsequently, promote
enhanced tolerance against drought stress.

Other genes known for their involvement in drought response,
such as MIP, TIP, GolS, and LEA, showed a greater change in
expression levels in the OE18 plants compared to OE14. GolS
of Arabidopsis, GolSAt2, has been reported to confer drought
tolerance and increase grain yield in transgenic rice (Oryza
sativa L.) under dry field conditions (Selvaraj et al., 2017). LEA

of wheat, TuLEA3, overexpressed in Phellodendrons amurense
yielded tolerance to drought stress by rapid stomatal closure
(Yang et al., 2018). Differential expression of homologs of these
genes in OE18 may help to explain why this line is more drought
resistant than OE14 at the transcriptional level.

Gibberellic acid, the most important hormone regulating
shoot elongation, plays an important role in determining plant
height (Richards et al, 2001). One critical gene family that
participates in GA synthesis and degradation is GA20ox, an
oxidase (Hedden and Phillips, 2000; Wuddineh et al., 2015).
Decreasing the level of expression of GA200x causes severe dwarf
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phenotypes in some species due to reduced levels of active GAs.
In tomato, SIDREB is known to act as a positive regulator in
drought stress responses, but overexpression caused the dwarf
phenotype via down-regulation of GA20oxs as well as ent-copalyl
diphosphate synthase (SICPS), another gene in the GA synthesis
pathway (Li et al., 2012). The dwarf phenotype also affected
DREBIB/CBFI transgenic tomato, which could be rescued by
exogenous application of GA3 (Hsieh et al., 2002). The expression
levels of GA biosynthetic genes, including OsGA200x1, were
significantly reduced in rice plants overexpressing JcDREB2 of
Jatropha curcas (Tang et al,, 2017). Similarly, here, we found
that the expression level of GA20ox1 in OE18 was decreased by
~50% when compared to WT and OE14 plant lines, and OE18
showed lower GA content. The expression level of GA200x1 was
not significantly different between the WT and OE14, which
were also similar in height. Therefore, it appears that dwarfism
due to overexpression of LbDREB6 results from an interaction
that down-regulates expression of the GA20ox gene family, and
consequently, reduces the levels of GAs.

The poplar rust fungus, Marssonina brunnea (Ellis and Everh.)
Magnus causes significant yield reduction and severe economic
losses in commercial poplar plantations. In our study, OE18 was
more sensitive to M. brunnea infection compared to both OE14
and WT plants, while we detected no difference between OE14
and WT plants. This suggests that tolerance to fungal infection
was reduced by overexpression of LbDREB6. Briefly, plants have
two tiers of responses to microbial and fungal pathogens: pattern
triggered immunity (PTI) at epidermal layers in response to the
pathogens themselves and effector triggered immunity (ETI),
which responds to metabolites produced by pathogens after an
infection is established (Boller and He, 2009). Both PTI and ETI
recognize pathogen infection according to arrays of receptors
that include kinases, TFs, and plant hormones (He et al., 2015).
Additionally, pathogenic response in plants is mediated by plant
hormones, such as salicylic acid, jasmonic acid, and ABA, which
act as secondary messengers (Mauch-Mani and Mauch, 2005;
He et al, 2015). We found that multiple pattern recognition
receptors that participate in the PTI system, especially EF-Tu
receptors (ETRs), were differentially expressed in the OE18 line,
in which they were largely down-regulated compared to OE14
and WT plants. In particular, we observed that the ETRs, WRKY
(WRKY49 and WRKY7), RPM1, RPS2, and NOS were down-
regulated in OE18. WRKY TFs are known to play important
roles in transcriptional reprogramming in response to various
stressors including pathogen infection in plants. For example,
in rice, OsWRKY67 improved tolerance against two pathogens,
Magnaporthe oryzae (T. T. Hebert) M. E. Barr and Xanthomonas
oryzae oryzae (Vo et al., 2018). NOS genes regulate the production
of nitric oxide, which is involved in the plant pathogenic response
(Arasimowicz-Jelonek and Floryszak-Wieczorek, 2014). Thus,
down-regulation of NOS in OE18 likely led to reduced nitric
oxide, and therefore, decreased pathogen tolerance. Additionally,
several genes affecting levels of ABA were also down-regulated
in OE18. Specifically, we found that ABA receptors, including
one PYL4 and one PP2C, were down-regulated in OE18 as well
as ABA responsive element binding factor (ABF), which encodes
a basic leucine zipper TF. The PYR/PYL family of proteins

positively regulate ABA response in various tissues by inhibiting
the interaction of PP2C with a protein kinase, SnRK2 (Umezawa
etal., 2009). Then, this complex stimulates the expression of ABF,
which enhances tolerance to necrotrophic pathogens (Umezawa
etal,, 2009). Thus, we proposed that high levels of overexpression
of LbDREBG6 yielded decreased tolerance to M. brunnea due to
effects on the PTI system and actions of ABA. However, this
behavior of LbDREB6 merits further study.

CONCLUSION

In previous studies, the overexpression of DREBs in transgenic
plants improved drought tolerance but with varying levels of
growth inhibition under non-drought conditions. Our results
show that the higher the overexpression level of the LbLDREB6
gene, the stronger the drought tolerance in Populus ussuriensis.
However, under high levels of overexpression of LbDREBS6,
poplar trees exhibited growth inhibition and decreased tolerance
to fungal infection. In contrast, under moderate levels of
overexpression LbDREB6, poplar trees showed normal growth
and no effect on fungal tolerance. These results provide novel
insight into the regulation of plant growth by LbDREB6 and
its roles in diverse responses to biotic and abiotic stressors.
Additionally, our study provides a method to achieve improved
drought tolerance by adjusting the levels of overexpression of
DREB genes to avoid the occurrence of unfavorable traits, such
as decreased growth rate and reduced disease tolerance.
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Supplementary Figure 1 | Generation and transplantation of LbDREB6
transgenic Populus ussuriensis lines. (A) PCR validations on OE lines; M, DNA
Marker DL2000; P, pROKII-GFP plasmid used as the positive control, N, gDNA of
the wild type (WT) plant was utilized as the PCR templates for the negative control;
lanes 4-12, gDNA of LbDREB6 overexpression lines were utilized as the PCR
templates for lane 4-7. (B) Transplantation of in vitro plants with well-developed
leaf and root systems in pots containing autoclaved sand and soil mixture (1:3 v/v)
for 3 months. Left: WT, middle: OE14 line, right: OE18 line. (C) Detection of the
LbDREBG protein in transformed P, ussuriensis by Western blotting.

Supplementary Figure 2 | Exogenous GA 3 effectively reverses the
GA-deficiency phenotype. Data are presented as means of three biological
replicates, and error bars represent £SD. Asterisks indicate significant differences,
*P < 0.05 and **P < 0.01.

Supplementary Figure 3 | Quantitative real-time PCR analyses of the transcript
levels of eight selected DEGs co-up-regulated in high-level (OE18) and
moderate-level (OE14) LbDREB6 overexpression lines compared to WT plants
under drought stress for 5 days. (A) DREB2C. (B) Peroxidase 6. (C) ATHB-13. (D)
MFYA. (E) WRKY40. (F) WRKY46. Data are presented as means of three
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The larch adelgid Adelges laricis laricis Vallot is a specialist insect parasite of Picea
koraiensis (Korean spruce) and forms fish scale-like galls that damage the growth of the
host plants. Our investigation reveals that both these galls and the fruits (cones) of
P, koraiensis display lower concentrations of phytosynthetic pigments and accumulate
anthocyanin cyanidin-3-O-glucoside and soluble sugars in the mature stages. Interestingly,
high concentrations of 6-benzylaminopurine (BAP) both in the cauline gall tissues and in
the larch adelgids themselves (4064.61 + 167.83 and 3655.42 + 210.29 ng/g FW,
respectively), suggested that this vital phytohormone may be synthesized by the insects
to control the development of gall tissues. These results indicate that the galls and cones
are sink organs, and the development of gall tissues is possibly regulated by phytohormones
in a way similar to that of the growth of cones. The concentrations of phytohormones
related to growth [indole-3-acetic acid (IAA), cytokinins (CTK), and gibberellins (GAs)] and
defense [salicylic acid (SA)], as well as SA-related phenolics [benzoic acid (BA) and
p-hydroxybenzoic acid (pHBA)] in gall tissues were positively correlated with those in
cones during the development stage. The levels of 1-aminocyclopropane-1-carboxylic
acid (ACQ) in the developmental stage of the cones correlates negatively with their
concentrations in the gall tissues (R = —0.92, p < 0.001), suggesting that downregulation
of ACC might be the reason why galls are not abscised after a year. Our results provide
a new perspective on the potential mechanism of the development of cauline galls on
P, koraiensis, which are regulated by phytohormones.

Keywords: plant-insect interactions, phytohormones, larch adelgid, sink organs, cauline gall

INTRODUCTION

Herbivorous insects and plants are hugely important components of terrestrial communities
and have coevolved over millions of years (Stahl et al., 2018). Damage caused by insect feeding
on plants makes an important contribution to yield reductions across agricultural areas globally
and is therefore responsible for considerable economic losses (Hilker and Fatouros, 2016).
Insects are mobile and have evolved sophisticated and effective strategies to enable them to
live on their host plants. Several different feeding habits are known and insects have evolved
mouthparts that enable them to specialize in chewing, snipping, or sucking and have developed
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chemical-molecular crosstalk to cope with plant defenses
(Howe and Jander, 2008). An example of a strategy evolved
by an insect to counter plant host defenses is that the salivary
secretions of certain herbivorous insect caterpillars contain the
enzyme glucose oxidase, which counteract the production of
defensive metabolites induced by the caterpillar feeding on
the plant (Musser et al., 2002). Furthermore, the digestive
proteases in the guts of phytophagous insects are able to counter
plant defense proteins (Zhu-Salzman and Zeng, 2015). The
complex chemical networks involved in the interactions between
plants and insects resulting from thousands of years of evolution
remain a hot topic in research.

One fascinating research area in the field of plant-insect
interactions is the interaction between galling insects and plants.
Insect galls are tumor-like organs on plant tissues, which are
stimulated by the feeding of galling insects that can induce
accelerated division of the host cells (Hirano et al., 2020).
Galls can function as shelters and feeding sites for the insects
inside and can develop in almost every plant organ, including
roots, stems, leaves, flowers, fruits, and seeds. Galls have a
negative impact on their host plants, slow plant growth, and
can reduce plant height, leaf area, and production of inflorescences
(Fay et al., 1996). However, these organs represent a close and
sophisticated association between the galling insects and their
host plants (Kutsukake et al, 2019). It is well-known that
plant defenses against herbivory are triggered by insect-specific
elicitors (Howe and Jander, 2008). Meanwhile, the insects counter
these strategies by triggering multiple effective defense pathways,
which can counter the plant defenses (Zhu-Salzman and Zeng,
2015). Certain insects secrete effectors, which are injected
physically into host cells to control the plant defenses (Cambier
et al., 2019). It is possible that these effectors potentially act
as mediators responsible for the formation of arthropod-induced
plant galls (Oliveira et al., 2016). Moreover, gall-inducing insects
can manipulate host plant cells and tissues and control the
formation of galls accompany chemicals. Therefore, understanding
the mechanisms by which these insects can offset plant defenses
and manipulate plants in other ways is a key to explain the
complicated relationships between plants and galling insects.

Gall formation occurs when plant cell growth is accelerated
following a stimulus caused by the feeding of galling insects
(Stone and Schonrogge, 2003). Gall tissues usually absorb the
photoassimilates and can manipulate the source-sink relationships
in plants, allowing the formation and growth of galls resemblance
to plant other organs (Dorchin et al, 2006; Oliveira et al.,
2017). An example of insect alteration of plant source-sink
relationships is found in the galling aphid, Pemphigus betae.
Galls induced by these aphids use plant sources to maintain
their own growth and development in the same way as other
organs of plants do, including increasing size through cell
hypertrophy and tissue hyperplasia (Larson and Whitham,
1997). A favorable microenvironment for the development of
their galls is ensured by gall-inducing wasps, Trichilogaster
signiventris, which can alter the photosynthetic capacity of the
gall tissues to induce a resource sink (Castro et al., 2012).
However, although the changes in source-sink relationships
can lead to striking resemblances between the gall organs and

other plant organs in the processes of growth and development,
there are few studies focusing on this phenomenon and the
mechanisms remain unclear.

Phytohormones are considered to be the pivotal regulators
in the manipulation of plant tissues to enable the formation
and growth of galls (Li et al., 2017; Body et al., 2019). These
hormones may be secreted by the gall-inducing insects themselves
or by the host plants (Straka et al., 2010; Tooker and Helms,
2014). In certain cases, galling insects have the ability to regulate
plant hormones. Cytokinins (CTK, in most cases iP and tZ)
secreted by gall-inducing insects and cause the galls to become
strong photosynthate sinks, meaning that the insects inside
are continually supplied with nutrients (Naseem et al., 2014;
Takei et al., 2015). Gibberellins (GAs) and abscisic acid (ABA)
play key roles in the regulation of gall formation and in insect-
induced defensive responses (Li et al, 2017). Meanwhile,
jasmonates (JAs) and salicylic acid (SA) are the key defensive
phytohormones that mediate plant responses to galling herbivores
during gall initiation and development (Eitle et al., 2019). The
regulation of phytohormones is therefore of crucial importance
in the formation and development of galls.

The larch adelgid Adelges laricis laricis Vallot (Hemiptera,
superfamily Phylloxeroidea, family Adelgidae) is polymorphic,
commonly with a 2-year life cycle that involves different host
plants (Yu et al, 1998). From field observations in Liaoning
Province, China, Picea koraiensis (Korean spruce) was identified
as a primary host plant for this adelgid. In the same area,
the Japanese larch, Larix kaempferi, acts as a secondary host
(Figure 1; Liu et al., 2011). Larch adelgids cause significant
damage to young trees of P koraiensis, affect the growth of
stems and branches, and cause the formation of “fish scale”
galls. On L. kaempferi, the larch adelgids suck the sap from
the needles and shoots to produce large quantities of a white
waxy secretion, resulting in dried and mildewed branches and
seriously affecting tree growth (Figure 1; Yu et al, 1998; Liu
et al, 2011). However, mechanism underlying gall formation
in P. koraiensis is still poorly understood. In this study, we focus
on exploring the dynamics of endogenous phytohormones in
both galls and cones of P. koraiensis at different stages and
investigate the roles of these hormones in the formation of
galls. Our research contributes to a better understanding of
the formation of gall tissues and supplies new insights into
the potential mechanisms by which gall-inducing insects
induce galls.

MATERIALS AND METHODS

Plant Materials and Galling Insects

Galls and normal branches without galls were collected in
July 2019 from Picea koraiensis trees and were growing in
Wan dianzi town (E: 125°13', N: 41°96'), Fushun city, Liaoning
province. Plants were identified by Professor Bo Qu, and voucher
specimens (SYNUBL013060-SYNUBLO013065) were deposited
at the College of Bioscience and Biotechnology, Shenyang
Agricultural University. Based on morphology, the development
of these cauline galls can be divided into five stages (Figure 1).
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0.25 mm for (D) and (E); 0.4 mm for (F); 0.35 mm for (G).

FIGURE 1 | Field and microscope observations of the larch adelges Adelges laricis laricis Vallot and the cones of Picea koraiensis. Cauline galls induced by

A. laricis laricis Vallot on P, koraiensis. (A) Field habit of Larix kaempferi, a secondary host of A. laricis laricis. (B) Field habit of P koraiensis, a first host of A. aricis
laricis. (C) Morphological characteristics of cauline galls caused by A. laricis laricis on P koraiensis at different developmental stages of G1-G5. (D=G) A. laricis laricis
Vallot isolated from the gall tissues of P, koraiensis. (H-J) P koraiensis cones at different developmental stages of F1-F3. Scale bars = 2 cm for (C) and (H-J);

Galls at stage G1 were defined as those having gall tissues
with white-green coloration. Stage G2 galls had deeper green
coloration. Stages G1 and G2 together were defined as the
“young” stage. The “mature” galls were divided into three stages
of development, G3-G5, which are described by a gradual
deepening of color from pale green to purple-black. The
coloration of galls at stage G3 was turning from green to red.
G4 galls were defined as completely red, and G5 galls were
purple-black. The adelgid insects were almost totally absent
from galls at stage G5. Cones were divided on the basis of
morphology into three stages. Tender stage galls (green color,
F1) were collected on July 1, 2019, mature stage galls (red,
F2) were collected on September 1, 2019, and senescent stage
galls (brown, F3) were collected on November 1, 2019.
Galls and cones were collected from five Korean spruce
plants which were about 6 years old. Fifteen repeated gall and
five repeated cones for each stage were collected. Galls were
dissected in the laboratory to separate insects and gall tissues.
Based on both morphological characters and molecular
identification, the insects were identified as Adelges laricis laricis
Vallot (larch adelgid) by Dr. Shouhui Sun, and voucher specimens

(SYNUBCO00045-SYNUBC00050) were deposited at the College
of Bioscience and Biotechnology, Shenyang Agricultural
University. Galls, adelgids, stems without galls, and cones were
stored at —80°C for further analysis.

Quantification of Phytohormones

A total of 26 SA-related phenolics and phytohormones
were assessed, including 6-benzylaminopurine (BAP), 6-(y,y-
dimethylallylamino) purine (iP), trans-zeatin (tZ), gibberellins
(GAs, GA,, GA;, GA,, GA,, GAy, GA ), GAjy, GA,, and GAj,),
indole-3-acetic acid (IAA), 3-indolepropionic acid (IPA),
1-aminocyclopropane-1-carboxylic acid (ACC), ABA, jasmonic
acid (JA), salicylic acid (SA), methyl salicylate (MeSA), benzoic
acid (BA), p-hydroxybenzoic acid (pHBA), m-hydroxybenzoic
acid (mHBA), p-hydroxycinnamic acid (pHCA), o-hydroxycinnamic
acid (oHCA), m-hydroxycinnamic acid (mHCA), and trans-
cinnamic acid (#CA). The deuterated isotope-labeled compounds
d,-GA,, d,-GA,, and d-ABA were used as internal standards,
which were purchased from Tokyo Chemical Industry Co., Ltd.
(TCI, Tokyo, Japan). The concentrations of phytohormones and
SA-related phenolics were quantified by external standard
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method. Phytohormones and SA-related phenolics were purchased
from Tokyo Chemical Industry Co., Ltd. HPLC-grade solvents
methanol (MeOH), formic acid, and acetonitrile were purchased
from Merck. HLB and MCX solid-phase extraction cartridges
were from Thermo (WondaSep HLB, MCX 60 mg/3 ml,
50EA/PKG).

The phytohormones with five biological replicates were
extracted by following the previous descriptions with some
slight modifications (Kojima et al., 2009). After removing larch
adelgids from each gall chamber with a brush, the gall chambers
(gall tissues) of each gall were prepared for a single sample.
The cone and branches were chopped. After that, 500 mg fresh
sample (gall tissues, branches, cones, or insects collected from
the galls at stage G3) was homogenized using a precooled
mortar pestle, and then ultrasonic-assisted extraction was
conducted in 4 ml of extraction solution (methanol:water:formic
acid = 15:4:1) for 45 min. After centrifugation at 12,000 rpm
for 10 min, the supernatant was collected, the residue was
ultrasonically reextracted and centrifuged by following the above
method, and the extraction supernatants from both steps were
combined. Samples and solutions were kept at 4°C throughout
the extractions. HLB and MCX columns were preactivated
with 2 ml methanol and 2 ml of 1 M formic acid. Every
2 ml of the supernatants loaded onto an HLB column and
successively washed with 1 ml of the extraction solution. The
eluates and washing solution were collected together and
concentrated at 40°C under a rotary evaporator to get about
1 ml solution. This solution was passed through a MCX column
eluting with 0.5 ml of 1 M formic acid and 2 ml methanol.
And the methanol fraction was concentrated and redissolved
in 0.2 ml of methanol. Then, the redissolved solutions were
filtered through a 0.22 pm filter and transferred to 2 ml LC-MS
glass bottles for UPLC-MS/MS analysis. The concentrations of
GAs, IAA, IPA, ABA, JA, SA, MeSA, BA, pHBA, mHBA, pHCA,
oHCA, mHCA, and tCA were analyzed. For analyses of BAP,
iP, and tZ, the MCX column was sequentially eluted with
500 ml 0.35 M ammonia and 2 ml 0.35 M ammonia in 60%
(v/v) methanol. The 0.35 M ammonia in 60% (v/v) methanol
fraction was concentrated and redissolved in 0.2 ml of methanol
for analysis of BAP, iP, and tZ using UPLC-MS/MS.

UPLC-MS/MS analyses were conducted using an UPLC-MS/
MS system (Shimadzu LCMS-8050) with a Shim-pack GIST
Cis (2 pm, 2.1 x 100 mm). The mobile phase consisted of
0.1% formic acid (A) and acetonitrile (B). The gradient elution
was programed as follows: 0-2 min, 20-30% B; 2-8 min, 30%
B; 8-12 min, 30-95% B; 12-14 min, 95% B; and 14-16 min,
95-20% B. A flow rate of 0.4 ml/min was used, and the
injection volume was 10 pl. The column temperature was
maintained at 40°C. The operating conditions of the electrospray
ionization source (ESI) were as follows: gas flow 3 L/min;
heating gas 10 L/min; dry gas flow 10 L/min; interface
temperature, 300°C; and heating block temperature, 450°C.
All the compounds were monitored using the multi reaction
monitoring (MRM) mode, and the specific MRM parameters
for each compound are given in Supplementary Table S1.

ACCwas extracted as described previously (Ziegler et al., 2014).
In short, the extract solutions and loading onto HLB columns

were consistent with the methods of other phytohormones
without MCX columns. The eluates of HLB column were
evaporated to dryness at 37°C in a rotary evaporator. A total
of 40 pl reaction buffer (anhydrous ethanol:water:
triethylamine:PITC = 2:1:1:1) was added to the rotary evaporator
bottle. After redissolving, the samples were left at room
temperature for 20 min to react and were then evaporated
to dryness as before. A further 50 pl 40% acetic acid was
added and allowed to react at 90°C for 1 h. Then the reaction
solution was evaporated and the residue redissolved in 500 pl
methanol. The ACC was quantitatively analyzed using an
UPLC-MS/MS system (Shimadzu LCMS-8050) with a Shim-
pack GIST Cj3 (2 pm, 2.1 x 100 mm). The mobile phases
were 0.1% formic acid (A) and acetonitrile (B). The gradient
elution was conducted as follows: 0-13 min, 5-95% B. The
flow rate was 0.4 ml/min and the volume of injection was
10 pl. The column temperature was maintained at 35°C. The
electrospray ionization source (ESI) with multi reaction
monitoring (MRM) mode was applied in MS detection
(Supplementary Table S2).

Qualitative Analysis of Anthocyanins in
Gall Tissues and Cones Using HPLC-DAD
After the insects inside the galls were removed, about 500 mg
of the gall tissues (G3) or cones (F2) was ground into powder
in liquid nitrogen and then suspended with 5 ml 80% methanol/
water (v/v) with 2%o formic acid in an ultrasonic bath for
45 min. The suspension was then centrifuged at 12,000 rpm
for 5 min. After centrifugation, the supernatant was concentrated
and evaporated to dryness. The supernatant was then suspended
in 1 ml methanol and then analyzed using UPLC-MS/MS
(UPLC-MS/MS 8050, Shimadzu Scientific Instruments, Inc.,
Tokyo, Japan) and HPLC-DAD (Agilent 1260). Samples were
injected using an autosampler (SIL-30 AC; Shimadzu) into a
mobile phase comprising acetonitrile (B) and 2% formic acid
in water (D; 0-10 min: isocratic 15% B; 10-13 min, linear
15-95% B, 13-14 min, isocratic 95% B). The flow rate was
0.2 ml/min with injection volume of 10 pl. Cyanidin-3-O-
glucoside was dissolved in methanol at 100 pg/ml and then
analyzed by HPLC-DAD. At a flow rate of 1 ml/min, 10 pl
of the sample was then injected into an Eclipse XDB-C,3 column
(5 pm, 4.6 x 250 mm), with the column temperature maintained
at 30°C. The eluent was monitored at 200-600 nm. Mobile
phases comprising (B) methanol and (D) 2% formic acid were
used (0-30 min: linear 5-95% of B, 30-40 min, isocratic
95% of B).

Determination of the Concentrations of
Photosynthetic Pigments in Gall Tissues
and Cones

Pigments were extracted from fresh control branches, gall
tissues (G1-G5), and cones (F1-F3) tissues. Each sample was
treated with five biological replicates. After removing the
galling insects, the fresh gall tissue or cone (200 mg) samples
were suspended in 5 ml 80% acetone/water (v/v) and then
ground with a pestle and mortar until all the tissues with
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visible pigmentation had disappeared. A 3 ml aliquot of the
extract was transferred to a cuvette for the determination of
chlorophyll absorption using a spectrophotometer at 470, 646,
and 663 nm. Absorption measurements were used to quantify
the concentrations of chlorophylls a4, and b, and of total
carotenoids, based on the equations reported in previous
publications (Wellburn, 1994).

Determination of the Concentrations of
Soluble Sugars in Gall Tissues and Cones
Samples were prepared with five biological replicates as
described above for the analyses of glucose, fructose, and
sucrose (Guimaraes et al., 2009). Briefly, 1 g of fresh gall
tissues or cones were weighed and dried to a constant weight
(105°C, 5 min and 80°C, 30 min). Dry gall tissues and
cones were homogenized using a mortar pestle and transferred
to the test tube. Then, samples were extracted in 80% aqueous
ethanol for 40 min in the water bath at 80°C. The supernatant
was collected, and the residue was reextracted two times
under the same conditions. The supernatants from previous
steps were combined. Samples with extraction solutions were
shaken every 10 min throughout extractions. A total of 20 mg
activated carbon was added and decolorized by shaking at
80°C for 30 min (shaking per 5 min). Further filtration
with a funnel to rotary evaporator bottle was conducted
and concentrated at 40°C under a reduced pressure and
redissolved in 1 ml ultrapure water. Then, the redissolved
solutions were filtered through a 0.22 pm filter for further
HPLC (Agilent 1260) coupled to a refraction index detector
(RID) analysis. The mobile phase consisted of the following
linear gradients (flow rate, 1 ml/min; injection volume, 10 pl):
0-30 min, 20% A, 80% C (A was ultrapure water and C
was acetonitrile). The column was Innovation NH, (Chrom-ma
Trix Bio-Technology; 5 pm, 4.6 x 250 mm) and column
temperature maintained at 35°C. Standard solutions of glucose,
fructose, and sucrose were prepared in the range of
0.625-10 mg/ml. Furthermore, the calibration curves of
glucose, fructose, and sucrose were y = 1E-05x—0.065 (t,
9.7 min; R* = 0.999), y = 1E-05x—0.027 (t;, 8.4 min;
R* =0.996), and y = 2E-05x—0.017 (g, 13.8 min; R* = 0.991),
respectively.

Statistical Analysis

The statistical analysis and graphics were conducted using
ggstatplot (v 0.1.4). If the data followed a normal distribution,
an independent-samples’ t-test was used for comparison
between the two groups, and the comparison among three
or more groups was performed using one-way ANOVA with
Tukey’s test. If results of the t-test were significant and with
the data were not normally distributed, a Mann-Whitney
nonparametric test was used to compare two groups of data.
Differences were considered to be statistically significant if
p < 0.05. Corrplot and corrgram were used for the calculation
of the correlation coefficient and for visualization. The R
program (www.r-project.org) was used for statistical analysis
and calculations.

RESULTS

Galls and Cones on Picea koraiensis Are
Sink Organs

Based on morphological characters and DNA sequence analysis
of DNA barcodes (COI), the gall insects in the stems of Picea
koraiensis (Korean spruce) were identified as Adelges laricis
laricis Vallot (Yu et al., 1998; Zurovcova et al, 2010).

Cones of Korean spruce are about 70-90 mm long and
have a scaly surface. Each scale protects a seed. We split the
development of the cones roughly into three stages: tender
(F1), mature (F2), and senescent (F3). Galls caused by larch
adelgids on P. koraiensis are about 15-20 mm both in length
and width and also have a fish-scale like surface with strawberry
shaped. The surface of the galls has a regular arrangement of
cone-scale-like protuberances. Each protuberance has a split
line and bundles of needles of varying lengths. The line of
dehiscence appears white, orange-red, and finally pink before
splitting. Each protuberance is in fact a highly organized and
differentiated gall chamber, inhabited by the A. laricis laricis
Vallot insects. Gall chambers are independent of each other
and are irregularly arranged. Thus, from morphology, the larch
adelgid galls resemble the cones of P. koraiensis (Figure 1).

Concentrations of glucose, fructose, and sucrose in fresh
gall tissues and cones analyzed using HPLC-RID. The
concentrations of these sugars increased throughout gall
development. The higher concentrations of glucose, fructose,
and sucrose in mature stage of gall tissues were observed than
those of normal branches. Similarly, the higher concentrations
of glucose and fructose exhibited in fresh mature cones (F2),
with values of 1.56 + 0.02 and 3.31 * 0.22 mg/g FW, respectively
(Supplementary Figure S1).

Concentrations of chlorophylls a and b and carotenoids
were higher in normal branches than those in fresh gall tissues
and cones, but there were no significant differences in the
concentrations of these photosynthetic pigments between gall
tissues and cones (Figure 2). The red coloration of the galls
and cones of P. koraiensis is mainly due to the accumulation
of anthocyanin pigments using HPLC-DAD analysis. Through
the comparison with the standard, the main coloration in
mature stage of gall tissues and cones was identified as cyanidin-
3-O-glucoside (Figure 3). Thus, galls and cones are therefore
both sink organs on the aerial parts of Korean spruce plants.

Growth Related Phytohormones in the Gall
Tissues and Cones Throughout the
Developmental Stages

The concentration of 6-benzylaminopurine (BAP) increased with
the development of the gall tissues, reaching the value of
4064.61 + 167.83 ng/g FW in the last stage. Furthermore,
the concentration of BAP in the larch adelgids was
3655.42 + 210.29 ng/g FW, which is four times higher than
BAP concentrations in either normal branches or gall tissues
at the related stage (G3, Figures 4A,B). Another cytokinin,
6-(y,y-dimethylallylamino) purine (iP), was found in the larch
adelgids, but its concentration did not appear to be correlated
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FIGURE 2 | Variations in concentration of photosynthetic pigments in galls tissues and the cones of Picea koraiensis. CK = normal branches. Data are presented in
milligrams per gram of fresh weight (mg/g FW). G1-G5 represent the different developmental stages of gall tissues and F1-F3 represent different developmental
stages of cones. G: gall tissues; F: cones. Mean differences were compared using one-way ANOVA with Tukey’s test. The different small letters (a, b, ¢, and d)
represent significant difference at 0.05 level. These results shown represent the average + SD.
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FIGURE 3 | Qualitative analyses of fresh gall tissues at stage G4 and cones of Picea koraiensis at stage F2 using HPLC-DAD at 520 nm. (A) HPLC analysis of gall
tissues at stage G4; (B) HPLC analysis of cones of Picea koraiensis at stage F2; (C) HPLC analysis of cyanidin-3-O-glucoside (100 pg/ml); and (D) Chemical

with the development of gall tissues or the cones in Korean
spruce (Figures 4C,D). The concentrations of auxins (IAA and
IPA) and gibberellins (GA,, GA;, and GA,) were low in all
treatments, except that there were higher concentrations of GA,
in the normal branches of P. koraiensis, with concentrations of
223.03 + 18.68 ng/g FW. Concentrations of GA, in gall tissues
increased throughout development (Figures 4E-N). Thus, it is
possible that the abnormal growth of the gall tissues might
be stimulated by BAP synthesized by the larch adelgid insects.

Correlation analysis suggested that the concentrations of BAP
were significantly and positively related to concentrations of iP
(R = 071, p < 0.01), GA, (R = 071, p < 0.01), and GA,

(R = 074, p < 0.01) in gall tissues, and furthermore that
concentrations of iP were significantly and positively correlated
with concentrations of GA, (R = 0.95, p < 0.001) in gall tissues.
Moreover, there was a positive correlation between concentrations
of GA, and GA, in gall tissues (R = 0.52, p < 0.05). In addition,
there were negative correlations between concentrations of GA;
and the other four growth related phytohormones in gall tissues,
among which there was a significant negative correlation of
GA; with GA; (R = —0.66, p < 0.01). There were negative
correlations between concentrations of BAP and the other four
growth related phytohormones during cone development.
Concentrations of iP and GA; (R = 0.82, p < 0.001) were
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FIGURE 4 | Quantitative analysis of growth related phytohormones in the larch adelgids, gall tissues, and cones (fruits) of P koraiensis. Quantitative analysis of
6-benzylaminopurine (BAP) in larch adelgids, gall tissues, normal branches (A), and cones (B). The level of 6-(y,y-dimethylallylamino) purine (iP) in gall tissues and
normal branches (C) and cones (D). The level of GA, in larch adelgids, gall tissues, and normal branches (E) and cones (F). Quantitative analyses of GA; and GA, in
larch adelgids, gall tissues, and normal branches (G and 1), and cones (H and J), respectively. The Levels of IPA and IAA in larch adelgids, gall tissues, and normal
branches (K and M), and cones (L and N), respectively. CK = normal branches. Data are presented in nanograms per gram of fresh weight (ng/g FW), and boxplots
display the minimum, first quartile, median, third quartile, and maximum for each stage in the given tissues. G1-G5 represent the different developmental stages of
gall tissues and F1-F3 represent different developmental stages of cones. Red point = mean value. Horizontal black line inside the box = median value. The shape
of the boxplot indicates the distribution of results. Mean differences were compared using t-tests. “Denotes that the value of p is less than 0.05. “Denotes that the
value of p is less than 0.01. "“Denotes that the value of p is less than 0.001. These results shown represent the average + SD and performed one-way ANOVA test

significantly and positively correlated. Concentrations of GA,
were positively correlated with GA; (R = 0.93, p < 0.001) in
cones. Furthermore, there was a positive, although not significant,
correlation between GA; and GA, (Figure 5).

Defense Related Phytohormones in the
Gall Tissues and Cones During the
Developmental Stages

The concentrations of ABA and JA were affected by the
developmental stage in both the gall tissues (ABA: F6, 12.13 = 27.82,
P = <0.001; JA: F6, 11.64 = 145.24, P = <0.001) and Korean
spruce cones. Similar expression patterns of ABA and JA in the
developmental stages of the gall tissues were observed, in which
the concentrations decreased throughout stages G2 and G3 and
then increased again in stages G4 and G5 compared to stage
G1 (Figures 6A,C). The normal gall-free branches of Korean

spruce and cones at stage F1 showed the highest ABA concentrations,
with values of 4967.60 + 505.83 and 1574.46 + 164.34 ng/g FW,
respectively (Figures 6A,B). Concentrations of JA and ACC
increased throughout cone development (Figures 6D,F). However,
concentrations of ACC decreased throughout the developmental
stages of the galls (Figure 6E).

The correlation analyses suggested that the concentrations
of JA were positively correlated with those of ACC and ABA
in gall tissues. During cone development, the concentrations
of JA were significantly and negatively correlated with the
ABA concentrations (R = -0.56, p < 0.05), and the concentrations
of ABA were significantly and negatively correlated with those
of ACC (R = —0.90, p < 0.001). In addition, there was a
significant positive correlation between concentrations of JA
and ACC (R = 0.83, p < 0.01). The concentrations of ACC
and JA in the cones were negatively correlated with the
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FIGURE 5 | Correlation of growth-related phytohormones between gall tissues and cones. The mean differences were compared using t-test (o < 0.05). BAP, iP,
GA,, GAg, and GA, represent phytohormone levels in gall tissues; F.BAP, F.iP, FGA;, F.GA,, and F.GA, represent phytohormone levels in cones. Red and blue

corresponding phytohormones in the galls; however, only the
concentrations of ACC showed a significant negative correlation
between cones and galls (R = —0.92, p < 0.001). These results
suggest that ACC cooperates with JA and ABA in the development
of both galls and cones. Moreover, galls that do not abscize
and can account for the downregulated ACC result in any
current year. Upregulated ACC might therefore be triggered
the abscission of the cones (Figure 7).

SA and SA-Related Phenolics in Gall
Tissues and Cones Throughout the
Developmental Stages

The concentrations of BA and pHBA were affected by
developmental stage (gall tissues: BA: F6, 12.25 = 54.05,
p = <0.001; pHBA: F6, 11.72 = 18.10, p = <0.001; cones:
BA: F2, 6.24 = 19.13, p = 0.002; pHBA: F2, 551 = 33.82,
p = 0.001). The BA in gall tissues exhibited the highest
concentrations in the last stage of development, with a value

of 9951.52 + 1108.53 ng/g FW, which was four times that in
the control branches and 13 times that in the mature cones
(Figure 8). The highest concentrations of SA in the gall tissues
were also observed in the last stage of gall development, with
a value of 880.66 + 98.05 ng/g FW, which was three times
that in the control branches and 23 times that in mature
cones. Interestingly, high concentrations of SA were also found
in the larch adelgids, with values of 1195.92 + 386.55 ng/g
FW, indicating that the larch adelgids have the ability to store
or transport SA. Compared with concentrations in gall tissues
at other developmental stages, the upregulated concentrations
of tCA and pHCA at stages G3 and G4 (Figure 8) were
correlated with the concentration of anthocyanins at those
stages, suggesting that tCA and pHCA are the key precursors
in the biosynthesis of anthocyanins (Scheme 1). The
concentrations of tCA, BA, and pHBA in the Korean spruce
cones also increased with developmental stage.

The concentrations of BA in gall tissues were positively
correlated with those of pHBA (R = 0.96, p < 0.001) and SA
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“Indicates that the value of p is less than 0.01. *“Indicates that the value of p is less than 0.001. These results shown are the average + SD and performed one-way
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(R =0.76, p < 0.01), and we also observed a significant positive
correlation between the concentrations of pHBA and SA
(R = 0.66, p < 0.05) in gall tissues. These results suggest that
BA might be the precursor of pHBA and SA (Scheme 1). In
addition, concentrations of pHCA in gall tissues were significantly
and positively correlated with those of tCA (R = 0.93, p < 0.001)
throughout the developmental stages. Similarly, throughout cone
development, concentrations of BA were significantly and
positively correlated with those of pHBA (R = 0.98, p < 0.001),
tCA (R = 0.97, p < 0.001) and were also positively correlated
with SA concentrations, although this relationship was not
significant. In addition, there was a significant positive correlation
between pHBA and tCA (R = 0.99, p < 0.001) in cones. The
correlative patterns of pHBA, BA, and SA in cones were
consistent with those in insect-induced galls. However,
concentrations of pHCA and tCA in gall tissues were strongly
and negatively correlated with those in cones. With the exception
of pHCA and tCA, our results demonstrate that changes in
the concentrations of SA-related phenolics during gall
development are consistent with those during cone development
(Figure 9).

DISCUSSION
Both Galls and Cones Are Sink Organs

Together with flowers, buds, stems, and roots, fruits are
important natural plant sink organs that absorb
photoassimilates from adjacent tissues to maintain their own
normal growth and development (Dorchin et al., 2006; Samsone
et al,, 2011). The behavior of galls as assimilate sinks has
been widely studied, and they compete with natural plant
sink organs for the nutrient supply that supports their
formation and growth (Yang et al., 2007; Huang et al.,, 2011,
2015). Galls can affect the carbon partitioning mechanisms
within their host plant because they can alter the resource
balance between source and sink tissues (Dorchin et al,
2006). The high level of sugars in the gall tissues evidenced
that they can be sink organs on the stem of P. koraiensis.
Consequently, galls have a negative impact on the growth
and development of the host plant, leading to reductions in
the production of flowers, fruits, seeds, or biomass (Oliveira
et al, 2017). There is therefore a competitive relationship
between the gall and fruit sinks. Based on close source-sink
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relationships, the developmental processes of galls and fruit  Stenopsylla nigricornis, and others) than in plant tissues
are similar. However, the mechanisms of this phenomenon (Mapes and Davies, 2001; Yamaguchi et al., 2012; Kai et al.,
are not fully understood. 2017). It is therefore inferred that iP and tZ synthesized by

the galling insects might manipulate host plants to facilitate

. . . the expansion of gall tissues (Mapes and Davies, 2001).
6-Benzylam|nopur|ne Stimulates the However, in our experiments, the concentrations of iP and

Development of the Gall Tissues tZ in larch adelgids and in the gall tissues of P. koraiensis
Endogenous 6-benzylaminopurine (BAP) and its derivatives  were relatively low, suggesting that they were not the key
have been detected in several plant species. Furthermore, substances responsible for A. laricis laricis gall expansion
BAP has been detected in many different parts of both the on P koraiensis.

coconut palm (Cocos nucifera L.) and the Baikal skullcap

(Scutellaria baicalensis Georgi; Nandi et al., 1989; Sdenz et al., . .
2003; Chernyadev, 2009). In our study, we found that the The Accumulation of Anthocyanin Is

concentrations of the cytokinin BAP in the gall-inducing Correlated to Sink Function of Gall

larch adelgids were significantly higher than those in either ~TiSSUES

normal branches without galls or gall tissues at stages G1-  Anthocyanin acting as one of main coloring matters widely
G3. These results suggest that BAP is synthesized by the distributes in sink organs of plants (Wang et al., 2020). The
insects themselves to promote the formation of galls. Exogenous  red color observed in insect gall tissues is mainly caused by
treatment with BAP will delay the leaf abscission of soybean  the presence of anthocyanins in those tissues (Gerchman et al.,
(Kuang et al, 1992) indicated high level of BAP in last 2013). This has led to the possible connection between gall
stage of gall tissues related to anti-abscission of the gall development and anthocyanins. Some researchers have found
after a year. However, only the concentrations of BAP showed  that this occur is due to the upregulation of the phenylpropanoid
a little negative correlation between cones and gall tissues  pathways by cytokinins in response to galler attack, which
(R = —0.38; Figure 5). Thus, the anti-abscission of the P leads to anthocyanin accumulation in the galls (Connor et al.,
koraiensis cones may be unrelated to the higher concentrations ~ 2012). However, the upregulated phenylpropanoids may damage
of BAP. Moreover, higher concentrations of iP and #Z have been  the photosynthetic system, which led to these tissues sensitive
found in gall-inducing insects (Pontania sp., Eurosta solidaginis, ~ to UV radiation (Zhou et al, 2020). In order to reduce the
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FIGURE 8 | Quantitative analysis of concentrations of SA and SA-related phenolics in larch adelgids, gall tissues, and P, koraiensis cones. Quantitative analysis of
salicylic acid (SA), benzoic acid (BA), p-hydroxybenzoic acid (pHBA), p-hydroxycinnamic acid (pHCA), and trans-cinnamic acid (tCA) in gall tissues and normal
branches (A,C,E,G,l) and cones (B,D,F,H,J), respectively. CK = normal branches. Data are presented in nanograms per gram of fresh weight (ng/g FW), and
boxplots display the minimum, first quartile, median, third quartile, and maximum for each stage in the given tissues. Red point = mean value and horizontal black
line inside the box = median value. Shape of boxplots indicates distribution of results. The mean differences were compared using t-tests. “indicates that the value of
p is less than 0.05. “Indicates that the value of p is less than 0.01. "“Indicates that the value of p is less than 0.001. The results shown are an average + SD and
performed one-way ANOVA test among three or more groups. mp? = partial omega squared.
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damage of UV radiation, plants accumulate anthocyanins in  radiation in peach species (Zhou et al., 2020). Totally, the
these tissues (Connor et al., 2012). Moreover, the upregulation  accumulation of anthocyanins in gall tissues is correlated to
of anthocyanins may protect the galling aphids against UV their sink function.
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The Lack of Abscission of Galls Is Related
to the Concentrations of
1-Aminocyclopropane-1-Carboxylic Acid
Fruit abscission is closely related to the regulation of plant
hormones (Igbal et al, 2017). The endogenous hormone
ethylene has a major role in the process of fruit abscission,
in which there is also crosstalk with the other hormones
ABA, GAs, and CTK (Igbal et al, 2017). The
concentration of ACC is known to be positively correlated
with to the fruit development and abscission (Samsone
et al., 2012; McAtee et al., 2013). However, our observations
of ACC in the P, koraiensis galls suggest that the concentrations
of this phytohormone decrease with gall developmental
stage. Furthermore, the galls on the stem of P. koraiensis
do not abscise the year they form and can remain on the
tree for at least 2 years. Hence, the lack of abscission of
the P. koraiensis galls may related to the low concentrations
of ACC.

auxins,

The Functions of SA and SA-Related Phenolic
Acids in Galls and Cones of Korean Spruce
SA and SA-related phenolic acids are broadly distributed throughout
plant tissues and are closely related to the growth of plant (Eitle
et al, 2019). The biosynthesis of these phenolic acids occurs via
both the phenylalanine and the tyrosine pathway (Monica et al.,
2016). In the phenylalanine pathway, phenylalanine is initially
processed to tCA by phenylalanine ammonia lyase (PAL) and
then to pHCA by cinnamate 4-hydroxylase (C4H), which leads
on to the flavonoid pathway (Scheme 1). Different biosynthetic
pathways are then employed to convert tCA to either pHBA or SA.
Phenolic acids are also important in plant responses to
biotic and abiotic stresses, particularly against fungal infections
(Firn, 1989). With the developmental stage of gall tissues,
there is an increased risk of fungal infection with development
of galls, because of the dehiscence (Amborabé et al., 2002).
Therefore, it is speculated the higher concentrations of the
phenolics BA and pHBA observed in galls may be related
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to their role in defense against fungal attack. In addition,
the phenolics tCA and pHCA are vital precursors of
anthocyanin synthesis (Hilker and Fatouros, 2016). In
P, koraiensis gall tissues, tCA and pHCA concentrations reached
the highest levels at stages G4 and G3, respectively, where the
gall tissues turn red, probably due to the accumulations of
anthocyanins. This is similar to the accumulation of tCA
throughout cone development, and the concentrations of pHCA
in cone tissues were very high, which may also be associated
with accumulation of anthocyanins and changes in color.
Therefore, the role of anthocyanins in P. koraiensis galls and
cones may be very similar.

CONCLUSION

All the present results suggest that phytohormones can act
as the key regulators in the growth and development of both
P. koraiensis galls and cones. This agrees with the results
from the current study, which demonstrated that both galls
and cones use a source-sink relationship for their own growth
and development, resulting in similar appearance and
morphology. In particular, BAP secreted by larch adelgids
facilitates the formation of P koraiensis galls. Our study
provides further insights into gall formation and focuses on
the potential mechanism by which the galling insects can
induce gall tissues.
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Plants encounter several biotic and abiotic stresses, usually in combination. This results in
major economic losses in agriculture and forestry every year. Climate change aggravates
the adverse effects of combined stresses and increases such losses. Trees suffer even more
from the recurrence of biotic and abiotic stress combinations owing to their long lifecycle.
Despite the effort to study the damage from individual stress factors, less attention has been
given to the effect of the complex interactions between muiltiple biotic and abiotic stresses.
In this review, we assess the importance, impact, and mitigation strategies of climate change
driven interactions between biotic and abiotic stresses in forestry. The ecological and
economic importance of biotic and abiotic stresses under different combinations is highlighted
by their contribution to the decline of the global forest area through their direct and indirect
roles in forest loss and to the decline of biodiversity resulting from local extinction of
endangered species of trees, emission of biogenic volatile organic compounds, and reduction
in the productivity and quality of forest products and services. The abiotic stress factors
such as high temperature and drought increase forest disease and insect pest outbreaks,
decrease the growth of trees, and cause tree mortality. Reports of massive tree mortality
events caused by “hotter droughts” are increasing all over the world, affecting several genera
of trees including some of the most important genera in plantation forests, such as Pine,
Poplar, and Eucalyptus. While the biotic stress factors such as insect pests, pathogens,
and parasitic plants have been reported to be associated with many of these mortality
events, a considerable number of the reports have not taken into account the contribution
of such biotic factors. The available mitigation strategies also tend to undermine the interactive
effect under combined stresses. Thus, this discussion centers on mitigation strategies based
on research and innovation, which build on models previously used to curb individual stresses.

Keywords: stress interaction, tree growth, tree mortality, forest disease, insect pests, economic impact, response,
mitigation

INTRODUCTION

Biotic and abiotic stress factors cause major economic losses by reducing yield and quality in
agriculture and forestry. A global survey on the major food crops indicated that pathogens,
insect pests (hereafter pests), and weeds cause average yield losses ranging from 17.2% in
potato up to 30.0% in rice (Savary et al, 2019). Similarly, the major abiotic stresses such as
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temperature extremes, drought, as well as the deficiency and
toxicity of plant nutrients cause up to 51-82% annual loss of
crop yield in the world (Oshunsanya et al., 2019). Despite the
lack of similar comprehensive assessments of losses, there is
sufficient evidence indicating that the forestry sector is similarly
affected by these biotic and abiotic stresses (Phillips et al.,
2009; Hurley et al.,, 2017; Graziosi et al., 2019; Schuldt et al,,
2020). For example, Forest Resources Assessment (FRA-2015)
revealed that the major biotic and abiotic stresses affected
141.6 million ha of forest in 75 reporting countries between
2003 and 2012 (van Lierop et al, 2015). Thus, biotic and
abiotic stresses can negatively affect the “ecosystem services”
of forests (Alcamo et al, 2003) and may contribute to the
decline in the global forest area (Keenan et al., 2015).

The global forest area is expected to continue declining
despite the recent decrease in the rate of annual forest loss
(dAnnunzio et al., 2015; Keenan et al., 2015) and increase in
planted forest area (Payn et al., 2015). According to FRA-2015,
while the global forest area decreased from 4.12 to 3.99 billion
ha from 1990 to 2015 (Keenan et al, 2015), planted forest
area increased from 167.5 to 277.9 million ha during the same
period (Payn et al, 2015). dAnnunzio et al. (2015) predicted
that the global forest area will continue to decline in the current
decade, though at a lower rate of loss. However, Song et al.
(2018) found an increase in the overall area of global tree
cover between 1982 and 2016. Yet, owing to the observed
(Song et al., 2018) and predicted regional differences (dAnnunzio
et al., 2015), it is expected that there will be areas, where
forests will be lost at a very high rate.

The vulnerability of forests to biotic and abiotic stresses is
increasing with climate change (Allen et al., 2015; Pureswaran
et al, 2018) and global movement of pathogens and pests
(Roy et al, 2014). All scenarios of global climate predictions
indicate that the observed global change will continue and
cause major changes in precipitation and temperature in different
parts of the world (IPCC, 2018). Significant increase in
temperature was observed on 76% of the global land area in
the 20th century, and a further increase of 2.4-4°C is predicted
to occur by 2100 (Gonzalez et al., 2010). Increasing frequency
and intensity of droughts accompanied by global warming
driven higher temperature, termed “hotter droughts” (Allen
et al,, 2015), are further witnesses of a changing climate (Crockett
and Westerling, 2018). Global land area affected by prolonged
heat waves increased from an average of less than 1% in the
period from 1951 to 1980 to 10% in the period afterward,
reaching as high as 22.21% in 2010 (Hansen et al., 2012) and
is expected to increase throughout the 21st century (Wu et al.,
2020). Such concerning changes are matched by the threat of
forest pathogens and pests, which also continue to show increasing
trends in different parts of the world (Roy et al., 2014; Deidda
et al,, 2016; Hurley et al., 2016; Nahrung and Carnegie, 2020).

Trees are often exposed to both simultaneous and sequential
combinations of several biotic and abiotic stresses recurring
throughout their long life. Thus, it is important to understand
the complex interactions between multiple biotic and abiotic
stresses (Anderegg et al., 2015) as it is difficult to predict the
response of trees to multiple stress factors and the resulting

damage from single stress studies (Pandey et al., 2015). This
is particularly urgent in the context of global climate change,
which may further complicate the interactions through increasing
the frequency and severity of extreme weather events (IPCC,
2018). These events may increase the susceptibility of trees
(Buotte et al., 2017), facilitate the spread, reproduction, and
development of pathogens and pests (Matsuhashi et al., 2020),
and weaken or destroy their natural enemies and competitors
(Thurman et al., 2017). While climate change may also reduce
damage by negatively affecting pests and pathogens (Zhan
et al, 2018), more increased than decreased effects on tree
growth and mortality have been observed (Creeden et al., 2014;
Camarero et al., 2018).

Despite earlier focus on the dynamics and management of
individual stresses in forest trees, research on combined biotic
and abiotic stresses is increasing. Recent reviews focused on
the mechanistic and theoretical foundations of some interactions
(Cobb and Metz, 2017; Jactel et al., 2019; Simler-Williamson
et al, 2019) estimated/predicted the effect of some of the
interactions (Jactel et al., 2012; Gely et al., 2020), and documented
regional impacts (Kolb et al, 2016). While a lot of studies
focused on experimental stresses (Desprez-Loustau et al., 2006)
and increased our understanding of the physiological and
molecular mechanisms of tree responses, the more complex
interactions in the field may have different outcomes (Huber
and Bauerle, 2016). Most of the previous work focused on
the impact of the gross “global change” which includes slight
changes in temperature and moisture (Ayres and Lombardero,
2000; Weed et al., 2013; Pureswaran et al., 2018) and may
affect the dynamics of forest pathogens and pests without
necessarily causing physiological abiotic stresses on trees.

In this review, we discuss the importance and impact of
climate change driven interactions between biotic and abiotic
stresses in forestry. The damage biotic and abiotic stresses cause
to trees could be the best indicator of impact (Jactel et al.,
2012) because it is often difficult to partition the effect of
individual stresses and their interactions under their combined
occurrence (Calvao et al., 2019). Thus, using recent observations
from forests in different parts of the world, we show how
these interactions will shape the damage from forest disease
and pest outbreaks, their effect on tree growth and mortality,
as well as the resulting ecological and economic impacts. In
addition to the effect of environmental factors under climate
change such as variations in precipitation and temperature,
we assess how these environmental factors at the level of an
abiotic tree stressor will interact with the biotic stress factors
and affect trees. We also discuss how the available mitigation
strategies can be employed in this context. Despite the importance
of the abiotic stresses such as nutrient toxicity and deficiencies,
soil salinity and acidity, radiation extremes as well as the biotic
stresses such as parasitic plants and mammalian herbivory,
we limit our observations to the interactions of pests and
pathogens with heat and drought stresses. These combinations
represent the most important biotic-abiotic stress interactions
inflicting the most damage (Breshears et al,, 2005; Carnicer
et al, 2011; Fettig et al., 2019; Gheitury et al, 2020), and
their impact is increasing as they are strongly affected by global
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climate change (McDowell et al.,, 2018). As a result, most of
the studies also focus on these interactions (Desprez-Loustau
et al, 2006). Furthermore, from the perspective of the
physiological and molecular responses of plants, these interactions
are generally representatives of many of the biotic-abiotic stress
interactions (Wang et al., 2003; Kissoudis et al., 2014).

WEATHER EXTREMES AND FOREST
DISEASE/PEST OUTBREAKS

Forest diseases and pests are significant threats to the forest
sector. For example, diseases and pests respectively affected
at least 12.5 and 85.5 million ha of forest in 75 countries
reporting to FRA-2015 between 2003 and 2012 (van Lierop
et al, 2015). They were found to be the most important causes
of forest disturbance in the Northern Hemisphere affecting
43.9 million ha of forests every year (Kautz et al, 2017).
Similarly, a recent study indicated that both pathogens and
pests are among the major agents of disturbance in the temperate
forests (Sommerfeld et al., 2018).

The interaction among plants, pathogens and pests, and the
environment has been an important aspect of plant disease
and pest outbreaks. With the increasing frequency and intensity
of weather extremes due to global climate change, however,
the environment is not just a matter of more or less “optimum”
condition for biotic stress factors, rather it also comprises abiotic
stress factors which affect the plants directly and indirectly.
Similarly, extreme weather events may also affect pathogens
and pests, further complicating the interaction. Apart from the
weather extremes such as droughts and heat waves, mild variations
in temperature and precipitation also affect the dynamics
of disease and pest outbreaks (Ayres and Lombardero, 2000;
Dukes et al., 2009; Weed et al., 2013).

The impacts of global climate change on forest pathogen
and pest populations as well as the mechanisms and theoretical
models behind their interaction with weather extremes have
been studied using both experimental stresses and field
observations (reviewed in Desprez-Loustau et al., 2006; Dukes
et al., 2009; Cobb and Metz, 2017; Jactel et al., 2019; Simler-
Williamson et al., 2019; Gely et al., 2020). Generally, changes
in weather may affect both the host and the pathogen/pest
either negatively or positively resulting in either an increase
or a decrease in disease/pest outbreaks as well as the subsequent
impacts on tree growth and mortality. Nevertheless, mechanistic
models focusing on the pathogens and pests themselves indicate
the possibilities of increased outbreak as the more likely scenario
(Pureswaran et al., 2018; Jactel et al., 2019). It was also previously
shown that most of the experimental drought-pathogen infection
trials confirmed synergistic interaction (Desprez-Loustau et al.,
2006). Similarly, a meta-analysis by Jactel et al. (2012) revealed
an overall significant positive effect of drought on pathogen
and pest damage. Thus, more rather than less damage can
be expected from most of the biotic and abiotic stress
combinations under climate change.

Furthermore, the change in the distribution and range of
pathogens and pests due to climate change (Burgess et al., 2017;

Pureswaran et al., 2018) may increase outbreaks in wider areas.
Observed trends show that the area affected by diseases and
pests increased from boreal to subtropical forests (Kautz et al.,
2017). However, predictions show that climate warming may
reverse this trend for some of the important pests and pathogens
(Burgess et al., 2017). These changes may ultimately increase
the area affected by outbreaks and the resulting damage at a
global scale. In this section, we summarize the recent observed
and predicted trends in forest disease and pest outbreaks using
the damage to trees, except tree growth and mortality, which
are discussed in the next sections, as an indicator to the
outcome of the complex interactions between pathogens/pests
and abiotic stresses (Jactel et al., 2012).

Forest Disease Outbreak

Variations in temperature and precipitation are observed to
affect the prevalence and incidence of forest diseases and may
lead to an outbreak (Supplementary Table 1). Several reports
indicated that warming temperature increased the prevalence
of diseases (Fabre et al., 2011; Brodde et al., 2019; Calvao
et al, 2019). However, the effect of precipitation was less
consistent showing negative (Calvio et al., 2019), positive (Fabre
et al, 2011; Woods et al.,, 2016; Gao et al., 2019), and no
correlation (Brodde et al, 2019; Thoma et al., 2019) with
disease. This indicates that areas where an increase in temperature
is predicted along with both decrease and increase in precipitation
may possibly be exposed to future disease outbreaks. Indeed,
Fabre et al. (2011), Bosso et al. (2017), and Matsuhashi et al.
(2020) predicted future increases in disease outbreaks under
these different scenarios (Supplementary Table 1). Thus, despite
the contrasting observations, increased disease outbreaks are
likely in many areas as climate predictions are equally contrasting
in different regions of the world (IPCC, 2018).

There is also a possibility that changing climate may reduce
or does not affect disease outbreak. A notable example for
this is that a warming condition is found to be the major
driver leading to local extinction of the fungal pathogen
Triphragmium ulmariae (Zhan et al., 2018). Paap et al. (2017)
reported that the incidence of Phytophtora spp. on Corymbia
calophylla did not increase with temperature and only slightly
increased with decreasing precipitation. Temperature increased
infection of Pinus albicaulis by Cronartium ribicola only at
high relative humidity and up to a certain threshold of 11°C
(Thoma et al., 2019). Both extremely low and high temperatures
did not favor crown rot disease caused by Phytophthora alni
in alders (Aguayo et al, 2014) and pine wilt disease caused
by pine wood nematode, Bursaphelenchus xylophilus (Gao et al.,
2019) indicating that warming conditions may well reduce
damage in some areas. However, a possible shift in the range
of pathogens may cancel out this effect at a regional and
global scale. For example, Burgess et al. (2017) predicted that
global warming will increase the distribution of Phytophthora
cinnamomi in cold areas, where it currently does not occur
and decrease in warm areas, where it currently occurs. Moreover,
observations of reduced impacts are rather scarce in the literature.

The changes in disease outbreaks observed or predicted
under different scenarios of moderate and gradual changes in

Frontiers in Plant Science | www.frontiersin.org

November 2020 | Volume 11 | Article 601009


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Teshome et al.

Biotic-Abiotic Stress Interactions in Forestry

temperature and precipitation regimes may differ under extreme
conditions, such as heat and drought stresses. For example,
Calvio et al. (2019) demonstrated that the mortality of Pinus
pinaster under B. xylophilus infection is worsened by hotter
and drier conditions indicating that these conditions may have
enhanced infection. Previously, a review on the interaction of
mainly experimental drought with different pathogens in trees
revealed that drought and pathogen infection showed synergistic
interaction in most of the cases (Desprez-Loustau et al., 2006).
However, observations on the effect of heat waves, droughts,
and hotter droughts on the incidence and severity of diseases
seem to be scarce in the literature. Most of the previous studies
focused on the resulting mortality, which will be discussed later.

The effect of drought and heat stresses may vary with the
type of disease, the affected tissue, and the level of the abiotic
stress (Desprez-Loustau et al., 2006; Jactel et al., 2012). Drought
has been shown to significantly increase the damage caused
by leaf pathogens and reduce that of root and stem pathogens
(Jactel et al., 2012). Recent experimental studies have shown
that drought increases the severity of diseases caused by
necrotrophic pathogens in Pine and Eucalyptus (Sherwood
et al, 2015; Barradas et al., 2018). Similarly, the resistance of
Eucalyptus marginata clones to P. cinnamomi decreases with
increasing temperature (Hiiberli et al., 2002). However, we did
not find other observations that support these results.

In general, the available information on the observed and
predicted interactions between forest pathogens and changes
in temperature and precipitation tend to show more damage
than less. In cases where climate change reduces vulnerability
to diseases, it is limited to specific pathogens and localities.
Furthermore, such effects may be offset by possible new outbreaks
related to range shift that can be enhanced by increased
distribution of the pathogens due to globalization. This may
result in a transitional period of a novel outbreak, which will
be exotic to the trees, and is more damaging as has been
seen in ash dieback (Marcais et al., 2017). Moreover, we only
have limited knowledge on the interactions with the weather
extremes such as drought and heat waves, which are predicted
to increase in frequency and intensity.

Insect Pest Outbreak

Temperature is one of the most important drivers of forest
pest outbreaks as shown in Supplementary Table 1. Rising
temperatures have been associated with increased spruce
budworm (Choristoneura spp.) outbreaks in North America
(De Grandpré et al., 2019) and also increased infestation of
Picea abies by Ips typographus in Europe (Marini et al., 2017;
Mezei et al., 2017). This is consistent with the effect of warmer
temperature in increasing the reproduction and survival of
insects (Pureswaran et al., 2018). However, warming may not
affect pest outbreak unless it is synchronized with the important
phases of the insects life cycle such as overwintering. In this
regard, Gazol et al. (2019) showed that only warmer winters
affect pine processionary moth, Thaumetopoea pityocampa,
outbreak. According to these findings, while warming temperature
may increase pest outbreaks, there are also possibilities that
this may not always be the case.

While moderate warming has been associated with increased
pest outbreak, extreme high temperature may have a different
effect. For example, the enhancement of I. typographus infestation
by warming declined at temperatures higher than a certain
threshold (Mezei et al., 2017). It has been shown that extremely
high temperatures such as heat waves may be lethal to the
insects (Rouault et al., 2006). Thus, temperature which is not
too high to kill the trees may reduce pest outbreak. Due to
limited information on this aspect, there is a need for research
to evaluate the temperature thresholds of the important
pest species.

Drought has been strongly associated with historic pest
outbreaks (Klein et al., 2019). However, its effect varies with
the feeding guilds of insects, the substrate they feed on, and
the intensity of drought (Jactel et al., 2012; Kolb et al., 2016;
Supplementary Table 1). The outbreaks of bark beetles, wood
borers, and sap suckers are often associated with drought. For
example, drought increased bark beetle outbreaks in the
United States (Kolb et al., 2016) and Sirex noctilio outbreak
in Argentina (Lantschner et al., 2019). However, Jactel et al.
(2012) also indicated that drought has a negative effect on
sap suckers and wood borers. Yet, massive tree mortality events
associated with the combined effect of droughts, and these
groups of pests are increasing (see section Tree Mortality).

The effects of drought on defoliator pest outbreaks are not
consistent in the literature. Drought decreased outbreaks of
larch casebearer, Coleophora laricella, in the United States (Ward
and Aukema, 2019). Similarly, insect and fungal pathogen
caused defoliation decreased during severe drought in Southern
European forests as defoliation and tree mortality caused by
drought increased (Carnicer et al., 2011). The effect of drought
on Western spruce budworm, Choristoneura freeman, outbreak
varied during the different phases of the outbreak and had
contrasting effect on drier and wetter areas. Although drought
was a strong driver of outbreak initiation in wetter areas, it
had no effect on the expansion of the area affected by the
outbreak. In the drier areas, drought had no effect on outbreak
initiation and only a small effect on the outbreak expansion
(Xu et al.,, 2019). This indicates that drought stress may have
a more important role in the initiation of pest outbreaks than
their expansion. While the area affected by and intensity of
pine caterpillar, Dendrolimus spp., outbreak clearly increased
during drought years, the outbreak decreased with increasing
precipitation (Bao et al., 2019). Overall, these results indicate
that the effect of drought on the outbreak of defoliator insects
may be weak, at least at the expansion phase.

From the foregoing discussion, it can be inferred that both
drought and warming are associated with an increase in pest
outbreak in many cases. However, their effects are not independent
of each other. For example, the effect of temperature was observed
to decrease with low rainfall (Marini et al., 2017). Several
observations indicate that warmer and drier conditions favor
outbreaks of many important bark beetles. Hotter droughts
increased outbreaks of the mountain pine beetle Dendroctonus
ponderosae in Western United States (Creeden et al, 2014;
Buotte et al,, 2017), the Eurasian spruce bark beetle I. typographus in
Italy (Marini et al.,, 2012) and Austria (Netherer et al., 2019),
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and the eastern larch beetle Dendroctonus simplex in United States
(Ward and Aukema, 2019). Predictions also show that the
trend of increased D. ponderosae outbreak will continue with
increasing temperature and drought in Western United States
until 2100 (Buotte et al, 2017). In line with these trends,
such combinations have been important drivers of massive
tree mortality.

Recent evidence revealed that Norway spruce stands in
relatively wetter areas are more susceptible to bark beetle attack
during drought seasons than stands in drier areas (Netherer
et al, 2019) suggesting a possible acclimation by mild long
term moisture deficit. A similar effect was observed in the
initiation of Western spruce budworm outbreak (Xu et al.,
2019). If this effect is further substantiated, it may give a
choice to forest managers between minimizing risk from possible
outbreaks and accepting some possible loss in productivity
due to moisture deficit during normal times (Lévesque et al.,
2014). Thus, further studies are needed on the extent of
acclimation and the balance between predisposition and
acclimation in different tree species (Bostock et al., 2014).

THE EFFECT OF COMBINED BIOTIC
AND ABIOTIC STRESSES ON THE
GROWTH AND MORTALITY OF FOREST
TREES

Tree Growth

Although warmer weather may increase plant growth in wetter
areas and currently colder areas such as boreal forests (Torzhkov
et al., 2019), weather extremes such as drought and excessively
high temperature are among the main tree growth limiting
factors (Pichler and Oberhuber, 2007; Lévesque et al., 2014).
Plant growth and reproduction are usually negatively correlated
with these abiotic stresses (Blum, 2005). Similarly, in defense-
growth trade-off, plants reduce growth and reproduction and
allocate more resources in defending themselves against pathogens
and pests (Jacquet et al., 2012; Huot et al., 2014). Plants may
use different mechanisms to regulate this trade-off, which are
also dependent on environmental factors (Kliebenstein, 2016;
Karasov et al., 2017). Consequently, it is imperative to understand
how combined biotic and abiotic stresses will shape this trade-off
and affect the growth of forest trees.

The outcome of the interaction between different biotic and
abiotic stresses with respect to tree growth varies with the
type and level of the stresses and the species of trees. For
example, the reduction in the growth of P abies infected by
the fungal pathogen Heterobasidion annosum was shown to
be higher in drier and warmer locations (Gori et al., 2013)
showing a synergistic interaction between the two stresses.
Given that H. annosum is a root pathogen which may affect
the transport of water, it can be hypothesized that pathogens
which affect the vascular system of trees such as root rot and
canker causing pathogens may have a similar effect. Infection
by the fungal pathogen Gremmeniella abietina has been shown
to reduce basal area increment by 26-58% in Pinus sylvestris

stands (Sikstrom et al., 2011). Future studies may focus on
determining whether drought will further reduce growth in
such cases.

Defoliation by pests during drought has been thought to
reduce evapotranspiration and hence water deficit stress, thus
avoiding damage due to the interaction between pests and
water deficit stress (Bouzidi et al., 2019). In support of this,
the interaction between climatic moisture index and defoliation
by pests enhanced the growth of surviving Populus tremuloides
despite the negative effect on their survival (Cortini and Comeau,
2020). Even though combined defoliation by pine processionary
moth, T. pityocampa, and mild drought reduced growth in
P sylvestris, this was matched by a similar level of recovery
during non-drought years causing no overall loss in growth
in the long term (Linares et al., 2014). Growth showed either
a weak positive correlation or no correlation with the interaction
between pest defoliation and mild drought in non-host and
host trees, respectively (Itter et al., 2019). According to these
observations, the risks of reduction in tree growth due to
combined drought and pest defoliation might be minimal
during relatively short term and mild droughts. Conversely,
considerable damage due to insect defoliation in areas, where
relatively longer and more intense droughts are predicted cannot
be ruled out (Balducci et al., 2020).

The effect of either of drought and heat or pathogens and
pests on the reduction of growth may be higher depending
on the intensity of each of the stresses. The contribution of
drought to growth decline was higher than that of insect
outbreak in P tremuloides (Chen et al., 2018). However, it was
not indicated if there were any interactive effects. While leaf
damage by the aspen leaf miner, Phyllocnistis populiella, reduced
basal area index, variation in climatic moisture index and its
interaction with defoliation had no effect on growth (Boyd
et al., 2019). Nonetheless, the interaction of pest defoliation
with severe drought may have a different impact on tree growth.
For example, the growth of P. tremuloides decreased by 33%
under the combined effect of hotter drought, defoliator, and
wood boring pests between 1997 and 2014 in Canada (Hogg
et al., 2008). These results indicate that the interactions of
more severe abiotic stresses with pests and pathogens may
cause more severe damage to tree growth.

Tree Mortality

Tree mortality is a natural phenomenon often caused by several
contributing factors. Generally, it occurs at a very low rate in
all forest populations without causing any considerable ecological
and economic damage in the short term (Jimenez et al., 1985).
Tree mortality events which affect relatively larger areas and
a large number of trees have been mainly associated with rare
catastrophic events, such as hurricanes, earthquakes, and
landslides (Jimenez et al, 1985; Lugo and Scatena, 1996).
However, recent evidences show that large scale tree mortality
events, which are not associated with such rare catastrophes
are increasing (Allen et al.,, 2010, 2015; Greenwood et al., 2017;
McDowell et al, 2018) Here, we use the tree mortality
classification given in Lugo and Scatena (1996) with the exception
that the term “massive mortality” will be used to represent
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the mortality events, which can be considered as both
“catastrophic” and “extensive/massive.”

The abiotic stresses such as the extremes of moisture and
temperature as well as the biotic stresses such as pests and
pathogens have been among the major drivers of massive
mortality events (McDowell et al, 2018). It has long been
known that tree mortality is a result of the contribution of
several interacting causes that involve both biotic and abiotic
factors (Franklin et al., 1987; Ciesla and Donaubauer, 1994).
Thus, it can be expected that the different biotic and abiotic
stresses are more likely to be acting in combination to cause
the increasing massive mortality events. Indeed, there is an
increasing number of observations in support of this (De
Grandpré et al., 2019; Stephenson et al, 2019; Ward and
Aukema, 2019). Even though these stress factors have always
been problems in forestry and agriculture, the intensity and
frequency of extreme weather events as well as forest disease
and pest outbreaks have increased and will continue to increase
due to climate change and global movement of pests and
pathogens (Hansen et al., 2012; Roy et al,, 2014; IPCC, 2018).

Reports of landscape level tree mortality events which can
be considered to occur at both background and catastrophic
rates (Lugo and Scatena, 1996) are increasing in different parts
of the world (Figure 1; Supplementary Table 2). Combined
biotic and abiotic stresses have been associated with many of
these events, most of which are massive mortality events (Figure 2).
This underlines that recent massive mortality events are more
likely driven by combined biotic and abiotic stresses. This is in
line with the “coupling” among various drivers and mechanisms
of tree mortality hypothesized in McDowell et al. (2018), where
drivers of tree mortality such as drought, high temperature, and
biotic factors interact through the physiological mechanisms of
tree death such as carbon starvation and hydraulic failure.

Hotter droughts have been associated with most of the
massive mortality events, and both pathogens and pests have
been reported in most of them (Figure 3). Some of the most
severe recent mortality events are results of the combined
effects of hotter droughts, bark beetles, and fungal pathogens
(Worrall et al, 2008, 2010; Klockow et al., 2018; Gheitury
et al, 2020). The combination between hotter droughts and
bark beetles (Breshears et al., 2005; Floyd et al.,, 2009; Millar
et al,, 2012; de La Serrana et al., 2015; Kharuk et al., 2019)
as well as hotter droughts and pathogens (Holusa et al.,, 2018;
Wood et al., 2018) have also resulted in severe losses. These
are considerable threats to forestry in the future as predictions
show that hotter droughts (Crockett and Westerling, 2018)
and associated tree mortality (Zhang et al, 2014b; Hember
et al, 2017) have been increasing in different parts of the
world and are expected to continue to increase (Allen et al., 2015;
Wu et al., 2020).

Previously, Ciesla and Donaubauer (1994) established that
abiotic stresses act as predisposing factors to biotic attacks
which usually come out to be the inciting and contributing
factors to tree death. A recent example for this was reported
in Ward and Aukema (2019), where changes in temperature
and precipitation predisposed eastern larch, Larix laricina, to
defoliation by larch casebearer, C. laricella, and finally tree
mortality occurs after eastern larch beetle, D. simplex, infestation.
Furthermore, delayed mortality associated with pathogens and
pests was observed after a severe drought indicating a possible
predisposition by drought (Klockow et al., 2018). Thus, mortality
events seemingly caused by a single biotic or abiotic stress
may well have unreported biotic or abiotic predisposing/inciting
factors. However, in some of the landscape level tree mortality
events caused by droughts, biotic stress factors were not involved
(Figure 3). Similarly, Kautz et al. (2017) estimated that biotic

FIGURE 1 | Map showing recent (1982-2020) landscape level tree mortality events associated with the biotic and abiotic stresses drought, heat, pests,
pathogens, and their combinations reported in peer reviewed publications. The summary of the reports and the respective references are given in Supplementary
Table 2. We searched on Google scholar using different combinations of the key words: “tree,” “forest,” “vegetation,” “plantation,
“die-back,” and “decline.” Reports from relevant reviews (Allen et al., 2010, 2015; McDowell et al., 2018) were also searched. Reports which do not indicate the
spatial characteristics and intensity of mortality as well as those which include other exogenous mortality agents such as fire, flood, etc., were excluded. In addition,
seedling mortality, mortality due to experimental stress, long term mortality analyses were not included. Then, reports which clearly describe individual mortality
event/events and can be approximated as landscape scale according to the classification given in Lugo and Scatena (1996) were selected. Reports describing
different aspects of the same mortality event at the same location were considered as single reports.
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Parasitic plants and soil nutrients were reported to
be associated with a few of the massive mortality events
(Figure 3). Warming climate with lower precipitation increased
tree mortality due to parasitic plants through decreasing the
growth of trees and predisposing them to other drivers of
mortality (Galiano et al,, 2010; Bell et al, 2019). Increased
infestation with insects and parasitic plants after severe drought
was associated with a large increase in the annual tree mortality
in pinyon pine (Flake and Weisberg, 2019). Soil nutrients,
drought, and bacterial canker were found to cause massive
poplar mortality in China (Ji et al, 2019). Thus, although
these factors are beyond the scope of this review, they deserve
to be explored in future research.

The reported landscape level mortality events (Figure 1)
affected different species of trees belonging to several genera
(Figure 4), including some of the most planted genera, such
as Pinus, Eucalyptus, Populus, Picea, and Abies (Del Lungo
et al., 2003; Brockerhoff et al., 2008). The genus Pinus, which
covers the largest area of planted forests in the world (Del
Lungo et al, 2003), is also the most highly affected genera
(Figure 4). For example, mortality due to the combined effect
of hotter drought and Ips confuses infestation in the United States
was estimated to reach as high as 80% in Pinus edulis affecting
more than 1.2 million ha forest during 2000-2003 (Breshears
et al., 2005). Similarly, 89.6 and 48.1% of sampled Pinus
ponderosa and Pinus lambertiana trees, respectively, were dead
under the combined effect of bark beetles and the 2012-2015
hotter drought in California (Fettig et al., 2019). These mortality
events clearly affected some species more severely than others

(Suarez et al, 2004; Floyd et al, 2009; Fettig et al, 2019).
Thus, forest tree genetic improvement programs and forest
managers should consider selecting tree species that are tolerant
to these combined stresses.

The effect of combined biotic and abiotic stresses on tree
mortality is not limited to the extensive and catastrophic
events on which we mainly focused here. There is evidence
showing that the rate of gradual background tree mortality
is also increasing with changing climate (van Mantgem et al.,
2009; Taccoen et al., 2019). The biotic stress factors such as
pests and pathogens have been identified as the major drivers
of background tree mortality (Das et al, 2016). Therefore, it
is reasonable to hypothesize that non-outbreak levels of
pathogens and pests interacting with mild climate change
driven abiotic stresses may be responsible for the increasing
rate of background tree mortality. Recent evidence in support
of this is that temperature and moisture variations indirectly
affected pest and pathogen driven deaths of Abies lasiocarpa
(Lalande et al., 2020).

ECONOMIC AND ECOLOGICAL
IMPACTS OF COMBINED BIOTIC AND
ABIOTIC STRESSES IN FORESTRY

The major causes of forest loss leading to the decline of the
global forest area remain to be deforestation, shifting cultivation
and wildfire (Curtis et al., 2018). While the direct contribution
of biotic and abiotic stresses to such forest losses seems to

Affected tree genera

<

s
Number of reported landscape level mortality events

FIGURE 4 | The main genera of trees affected by landscape level tree mortality events across the world (Figure 1; Supplementary Table 2).
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be relatively low (Curtis et al., 2018), their indirect role cannot
be underestimated. For example, tree mortality caused by insect
pest outbreaks, heat waves, and droughts are frequently associated
with forest fires resulting in huge tree losses (Brando et al,
2014; Klein et al, 2019; Talucci and Krawchuk, 2019; Xie
et al., 2020). In addition, the regional and temporal variation
in the occurrence of biotic and abiotic stresses also highlights
the importance of these factors. For example, pests were reported
to cause 32% of the tree mortality in the Western United States
compared with 18% loss caused by fire (Berner et al., 2017).
Another study also indicated that biotic disturbances such as
pathogens and pests are the most important causes of forest
disturbance in the forests of the Northern Hemisphere
(Kautz et al., 2017).

Apart from complete forest loss that leads to a change in
land use, the economic and ecological impact of biotic and
abiotic stresses operating in forestry can be viewed through
their impact on the ecosystem services of trees (Alcamo et al,
2003). Previously, Boyd et al. (2013) used this framework to
summarize the impact of pests and pathogens. The decline in
forest productivity due to tree mortality and reduced growth
resulting from combined biotic and abiotic stresses (section
The Effect of Combined Biotic and Abiotic Stresses on the
Growth and Mortality of Forest Trees) as well as reduced quality
of products (Brodde et al, 2019) can affect the provisioning
services and cause a direct revenue loss (Zwolinski et al., 1990;
Aukema et al,, 2011). Though controversial, it has been argued
that climate change increases tree growth and hence forest
productivity (Kirilenko and Sedjo, 2007; Reyer et al, 2017;
Torzhkov et al., 2019; Ruiz-Pérez and Vico, 2020). However,
even if there would be a possible increase, the impact of extreme
weather interacting with increased pathogen and pest outbreaks
will cause major losses and may even offset any gain in
productivity (Reyer et al., 2017; Woods and Watts, 2019).

Increased tree mortality, crown die-back and defoliation
caused by combined biotic and abiotic stresses may have a
negative impact on human well-being by affecting the cultural
and regulatory services of trees (Alcamo et al, 2003). The
decrease in the density of forests and canopy cover of trees
have been associated with increased human health problems
stemming from respiratory diseases (Donovan et al., 2013) as
well as increased temperature associated with the loss of canopy
shade (Jones, 2019). Massive tree mortality may also have an
impact on other components of the forest ecosystem, such as
the micro and macro faunal and floral diversity. For example,
massive ash (Fraxinus spp.) mortality caused by emerald ash
borer (Agrilus planipennis) created canopy gap (Ulyshen et al,
2011) and accumulation of woody debris (Perry and Herms,
2017), which affect the activity and diversity of forest
invertebrates. Massive tree mortality may also cause a decline
in the population of coexisting organisms such as lichens, and
may lead to local extinction (Jonsson and Thor, 2012;
Lohmus and Runnel, 2014).

Recent evidence indicates that biotic and abiotic stresses
may contribute to the decline in the population of tree species
and may even lead to extinction. A good example for this is
the fungal pathogen Austropuccinia psidii, which has caused

a rapid decline in Rhodomyrtus psidioides population in Australia
since 2012 (Fensham et al., 2020). The coupling of biotic stresses
with weather extremes may be beyond the capability of some
species to adapt to a changing climate (Schaberg et al., 2008;
Séenz-Romero et al., 2020). This may result in a selective
massive death of certain vulnerable species (Suarez et al., 2004)
and may lead to local extirpations (Alfaro et al., 2014) and
even extinction in the case of endemic species (Fensham et al.,
2020). Thus, if the episodes of massive tree mortality caused
by combined biotic and abiotic stresses (section The Effect of
Combined Biotic and Abiotic Stresses on the Growth and
Mortality of Forest Trees) continue even at current pace, the
direct and indirect contribution of such stresses to the extinction
of tree species may become a real threat at least to the already
endangered species.

Biotic and abiotic stresses induce considerable emission of
biogenic volatile organic compounds associated with the responses
of stressed living trees (Faiola and Taipale, 2020) and decay
of dead trees (Kurz et al., 2008; Phillips et al, 2009). Pest
attack increased biogenic emissions of different compounds
from trees and simultaneously occurring abiotic stresses such
as heat and drought mostly further increased such emissions
(Faiola and Taipale, 2020). Biotic and abiotic stresses negatively
affect the global carbon pool by the loss of potential carbon
sinks through reduced growth and death of trees as well as
the addition of carbon sources for future emission from decaying
dead trees (Kurz et al., 2008; Phillips et al., 2009). For example,
hotter drought in the Amazon forest in 2005 caused the loss
of 1.21-1.60 Pg potential carbon storage from reduced growth
and tree mortality (Phillips et al.,, 2009). A severe drought in
Texas, United States, caused the loss of 24-30 Tg C due to
tree mortality (Moore et al., 2016). Similarly, a study in Canada
estimated the loss of carbon storage due to pests to be 2.87 tone
C ha™' year™ (Zhang et al, 2014a). Furthermore, predictions
also indicate that increased drought and associated pest outbreak
will significantly affect the carbon balance in a similar fashion
(Scheller et al., 2018). These examples are good indicators of
the significance of combined biotic and abiotic stresses to
environmental sustainability. However, in most of the cases,
attempts to quantify these impacts are inadequate. Thus, further
research on quantifying the emissions and their environmental
impact will benefit environmental models for carbon balance
(Faiola and Taipale, 2020).

It is difficult to attach an economic value to all kinds of
damages caused by biotic and abiotic stresses. However, there
were attempts to estimate the economic impacts from different
perspectives (Supplementary Table 3). The economic loss due
to tree death and reduced growth is a direct indicator of such
impacts. However, dead trees, especially mature ones, can still
be of economic value through “salvage logging” despite the
undesirable ecological consequences due to the associated
increase in harvest frequency (Thorn et al., 2018). An estimate
of economic loss derived from predicted tree mortality (Waring
et al, 2009; Ochuodho et al., 2012; Soliman et al., 2012),
comparisons of the cost of protection to the possible loss (Watt
et al, 2011; Cameron et al., 2018), and revenue loss due to
downgraded products (Costanza et al., 2019) were used to
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demonstrate possible damage from biotic and abiotic stresses.
Government and household expenditures as well as losses in
property value associated with tree mortality have also been
estimated (Aukema et al., 2011). More holistic assessments
included the economic loss from production, protection, tourism,
and carbon sequestration (Notaro et al., 2009). However, only
some of the studies (Waring et al, 2009; Ochuodho et al.,
2012; Soliman et al., 2012) considered the combined effects
of biotic and abiotic factors, which may result in an over- or
under-estimation of loss. Because damages such as tree mortality
are mostly the results of the combined effect of biotic and
abiotic stresses, future studies should include these factors into
their analyses. Moreover, as economic analysis is important
for policy makers and forest managers, such information,
which may be largely found in technical reports, should
be systematically analyzed.

RESPONSES OF FOREST TREES TO
COMBINED BIOTIC AND ABIOTIC
STRESSES

The impact of combined biotic and abiotic stresses on the
physiology of trees is different from that of individual stresses.
Sequential or simultaneous combinations of biotic and abiotic
stresses may have a negative or positive outcome on different
morphological and physiological traits of forest trees depending
on the species of trees, the type of biotic stress factors, and the
duration and intensity of abiotic stresses (Supplementary Table 4).
These changes may make trees either more susceptible or resistant
to one or more of the co-occurring stresses.

Several individual biotic and abiotic stresses affect plant-water
relations. For example, drought stress (McKiernan et al., 2017)
and infection by fungal pathogens, which affect the vascular
system (da Silva et al., 2018) influence the movement of water
and reduce stem and leaf water potential. The simultaneous
occurrence of these stresses may cause further reduction in
water potential in plants. In support of this, it has been reported
that infections by Neofusicoccum eucalyptorum in Eucalyptus
globulus (Barradas et al, 2018) and Obolarina persica as well
as Biscogniauxia mediterranea in Quercus brantii (Ghanbary
et al., 2017) caused a further reduction in the stem water
potential of drought stressed plants. However, this may not
always be the case depending on the level of resistance to the
involved pathogen as well as the intensity and duration of
drought. For example, while both drought and infection by
Quambalaria coyrecup reduced leaf water potential in C. calophylla,
their combination did not result in a further reduction (Hossain
et al., 2019). Similarly, while water potential decreased due to
drought stress, no such reduction was observed due to infection
by Leptographium wingfieldii in P. sylvestris (Croisé et al., 2001)
and P. cinnamomi in Quercus ilex and Quercus cerris (Turco
etal,, 2004). Furthermore, priming with previous drought resulted
in significantly higher leaf water potential as compared to
non-primed plants under combined drought and N. eucalyptorum
infection in E. globulus (Barradas et al, 2018). According to
these observations, while drought stress strongly influences

plant water-relations, the effect of fungal pathogens both as an
individual stress and in combination with short term experimental
drought seems to be moderate.

It is well-known that drought stress negatively affects
photosynthetic gas exchange, however, some pathogens (da
Silva et al, 2018) and their combination with drought
(Supplementary Table 4) have also been reported to have a
similar impact. Ghanbary et al. (2017) reported that drought
and the pathogens O. persica and B. mediterranea significantly
reduced stomatal conductance, photosynthetic rate, and
maximum photochemical efficiency of photosystem II (Fv/Fm)
in Q. brantii. Interestingly, the combination of both pathogens
with drought caused further reduction in all of these parameters.
Combined biotic and abiotic stresses may also negatively affect
photosynthesis by reducing the concentration of photosynthetic
pigments. For example, Ghanbary et al. (2018) reported that
chlorophyll content decreased due to pathogen infection, drought,
and their combination in Q. brantii. These findings indicate
that the effect of combined biotic and abiotic stresses on
photosynthesis may be worse than each of the individual
stresses. This may be one of the reasons for the reduction in
tree growth and increase in tree mortality associated with
combined stresses.

Accumulation of osmolytes and soluble sugars are among
the most common responses of plants to osmotic stress resulting
from abiotic stresses such as drought. Such accumulations may
increase due to pathogens and pests which affect plant-water
relations. Sherwood et al. (2015) and Ghanbary et al. (2018)
revealed that proline, which increased under both drought
and pathogen infection, showed a further increase under the
combination of both stresses. On the other hand, the
accumulation of osmolytes and soluble sugars in response to
abiotic stresses may create favorable condition for biotic stress
factors such as fungal pathogens and wood boring pests thereby
increasing the susceptibility of trees. In support of this, Caldeira
et al. (2002) reported that a reduced bark moisture content
and increased accumulation of glucose, fructose, and sucrose
enhanced the survival and growth of Phoracantha semipunctata
under drought conditions in E. globulus. Similarly, combined
drought and pathogen infection increased soluble sugar
concentration in Q. brantii (Ghanbary et al, 2018) resulting
in increased susceptibility to pathogens (Ghanbary et al., 2017).
These findings indicate that osmotic adjustment may represent
a synergistic interaction between responses to biotic and abiotic
stresses resulting in increased damage wunder multiple
stress situations.

Metabolites such as phenolics and terpenoids, which are
commonly involved in plant defense against pathogens and
pests, may also be affected by co-occurring abiotic stress factors,
such as heat and drought. Total phenol concentration increased
under both drought and pathogen infection as individual stresses
in Q. brantii, and a further increase was observed under their
combination (Ghanbary et al., 2018). The interaction between
drought and pine weevil, Hylobius abietis, attack respectively
decreased and increased the accumulation of polyphenols and
diterpins in Pinus halepensis (Sudarez-Vidal et al., 2019). By
doing so, moderate drought weakened basal defense and
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significantly increased the susceptibility of seedlings to pest
attack. However, there were also observations which revealed
that combined stress did not have a significant effect on phenol
and terpenoid concentrations. For example, a study in
C. calophylla found that total phenols and total terpenes generally
tended to increase due to Q. coyrecup infection while drought
stress generally did not further increase their concentration
(Hossain et al, 2019). Similarly, the concentration of total
monoterpenes increased due to infection of Pinus contorta
and Pinus banksiana by Grosmannia clavigera while drought
stress had no effect (Lusebrink et al., 2016). These variations
may be related to the tolerance/resistance of trees to each of
the stresses.

Formation of reactive oxygen species (ROS) and their
subsequent detoxification is a common response of plants to
both biotic and abiotic stresses. Reactive oxygen species along
with phytohormone signaling pathways have been considered
to be two of the main “converging points” between responses
to biotic and abiotic stresses in plants (Zhang and Sonnewald,
2017). Infection by N. eucalyptorum reduced the accumulation
of Malondialdehyde (MDA) in drought primed E. globulus
plants as compared to simultaneously infected ones (Barradas
et al.,, 2018). However, this does not indicate improved resistance
to the pathogen as lesion length was significantly longer in
the drought-predisposed plants. Thus, it was hypothesized that
the reduction in MDA may be the result of the pathogen’s
defense against pre-accumulated ROS. In agreement with this,
despite the increase in MDA concentration due to drought
stress, pathogen infection, and their combination in Q. brantii,
both the highest MDA concentration and the largest lesion
were recorded under combined stress (Ghanbary et al., 2017,
2018). Although H,0,, which increased due to drought stress,
significantly decreased upon infection by Diplodia sapinea alone,
and in combination with drought in Pinus nigra, this was not
associated with an increased resistance to the pathogen (Sherwood
et al., 2015). These results may indicate that the effect of
combined biotic and abiotic stresses on the ROS signaling
pathway tend to be synergistic resulting in increased damage
to trees. However, as hypothesized in Sherwood et al. (2015),
this may be limited to necrotrophic pathogens as ROS may
affect biotrophs differently. The increased accumulation of ROS
due to abiotic stresses may enhance hypersensitive response,
which is an effective defense strategy against biotrophic pathogens
unlike necrotrophic ones (Zhang and Sonnewald, 2017).

The involvement of phytohormones in modulating growth
and responses to both biotic and abiotic stresses is well-known.
A review by Zhang and Sonnewald (2017) hypothesized that
Auxin may coordinate response to combined biotic and abiotic
stresses. A study on Lycopersicon esculentum revealed that
increased abscisic acid concentration due to drought stress
did not cause susceptibility to infection by Oidium neolycopersici
and Botrytis cinerea (Achuo et al., 2006). Similarly, the increased
accumulation of jasmonic acid and salicylic acid, as well as
unchanged concentration of abscisic acid due to prior drought
stress resulted in improved resistance to infection by Pseudomonas
syringae in Arabidopsis thaliana (Gupta et al., 2017). However,
we did not find similar studies on forest trees.

The molecular response of plants to combined stress is
generally different from their response to individual stresses.
In addition to the molecular responses which are shared between
the individual biotic and abiotic stresses that may be prioritized
depending on the severity of stress, plants show molecular
responses which are unique to combined stresses (Choudhary
et al,, 2016). A number of differentially expressed genes which
were shared among the individual stresses and unique to
combined stress have been identified in Arabidopsis (Gupta
et al, 2016; Choudhary et al., 2017). Some of the uniquely
regulated genes due to combined drought and pathogen infection
in Arabidopsis include genes involved in fatty acid and amino
acid metabolism, secondary metabolites, and photosynthesis
pathways, as well as genes in the transcription factor families
such as NAC, WRKY, and MYB (Gupta et al., 2016). However,
to the best of our knowledge, there has been no study on
the molecular changes due to combined biotic and abiotic
stresses in forest trees.

Recent studies in Arabidopsis reported the identification of
key genes which confer resistance to combined biotic and
abiotic stresses. The transcription factor gene G-Box Binding
Factor 3 (GBF3), which regulates genes in the ABA signaling
pathway (Dixit et al., 2019) and the micro-RNA gene ath-miR164c,
which regulates genes involved in proline biosynthesis (Gupta
et al., 2020), were found to confer tolerance to combined
drought and infection by P syringae in A. thaliana. Future
studies should target the identification and characterization of
more common regulators, while research in forest trees should
prioritize the investigation of these genes.

MITIGATION STRATEGIES

Prevention strategies such as strict quarantine have been useful
in minimizing the introduction of exotic pathogens and pests
(Wingfield et al., 2015). In the case of combined biotic and
abiotic stresses, prevention is still useful as it minimizes parts
of the problem. Besides, it remains to be one of the most
important ways to protect our natural forests where other
strategies such as genetic improvement of tree resistance are
not feasible. However, the possible risk of increased outbreaks
of domestic pests and diseases due to climate change (section
Weather Extremes and Forest Disease/Pest Outbreaks) calls
for better coping mechanisms. Thus, ex situ conservation and
selection of resistant trees should be considered for endangered
species of vulnerable natural forests (Fensham et al., 2020;
Sdenz-Romero et al., 2020).

Genetic improvement of tree resistance/tolerance to biotic
and abiotic stresses through conventional breeding techniques
and genetic engineering is a relatively longer term strategy
(Wingfield et al., 2015; Naidoo et al, 2019). The vulnerability
of trees to growth decline and massive mortality under the
combined effect of biotic and abiotic stresses varied among
species (Suarez et al, 2004; Floyd et al, 2009). Such genetic
diversity is a valuable resource, not only for selective planting,
but also for selective breeding and genetic engineering. The
increasing availability of large multi-omics data, systems and
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synthetic biology approaches as well as improved functional
testing will allow us to integrate and complement conventional
breeding, genetic engineering, and genome editing (Naidoo et al.,
2019). Genetic improvement for combined biotic and abiotic
stress tolerance may target either the regulators common to
the different stresses or pyramiding of genes governing response
to individual stresses (Kissoudis et al., 2014). Recent studies
are shedding light on the possibilities of engineering plants for
multiple traits (Cho et al., 2019). Thus, improving trees for
resistance to combined biotic and abiotic stresses using these
techniques may also become possible. Existing model systems
that have been used to study biotic stresses such as those in
Eucalyptus (Naidoo et al., 2013; Mangwanda et al., 2015; Visser
et al.,, 2015), Pine (Visser et al., 2018), and Poplar (Feau et al.,
2007; Hacquard et al., 2011) can be used to develop a workable
approach in this regard. We propose the use of drought-pathogen
interactions, which has been considered a model in annual
crops (Pandey et al., 2017), to study combined biotic and abiotic
stresses in forest trees. Owing to the representativeness of drought
in several abiotic stresses (Wang et al, 2003) and the relative
ease of manipulating pathogens in both field and green house
studies, drought-pathogen interactions is a suitable model to

study combined stress. In addition, as much as drought and
pathogens are two of the most important stresses in agriculture
and forestry, they have been studied as single and combined
factors better than several others and their combinations (Desprez-
Loustau et al., 2006; Pandey et al., 2017).

While genetic improvement of trees is a valuable strategy
for plantation forestry, it is less feasible to natural forests, and
it is also a long-term project which needs initial investment
in research. Thus, the options of biological control of pests
and pathogens (Hurley et al., 2012; Martin-Garcia et al., 2019)
and the use of microorganisms such as mycorrhiza and
endophytes to alleviate abiotic stress tolerance (Liu et al., 2015;
Khan et al, 2016; Ferus et al., 2019) should be explored.
However, these biological agents have been used against single
stresses under optimum environmental conditions (Slippers
et al, 2012), and thus, may not function under multiple
stress settings. For example, drought has been reported to
negatively affect biological control using entomopathogenic
nematodes (Hassani-Kakhki et al., 2019). Similarly, while severe
drought increases S. noctilio outbreak (Lantschner et al., 2019),
drought has the opposite effect on the biocontrol agent
Deladenus siricidicola (Hurley et al., 2008). Thus, genetic
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pathogens and pests

=
"k 1 £
2Iga
,s:;_@,g*
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Ecological impact, direct and
indirect economic loss
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Biotic stress.

Abiotic stress

Susceptible

FIGURE 5 | A scheme showing the impact of combined biotic and abiotic stresses in forestry under the influence of climate change. Climate change may reduce
damage from diseases and pests by negatively affecting pathogens and insect pests, increase tree growth, and result in beneficial economic and ecological impacts
(A). Climate change, along with increased global distribution of pathogens and pests due to globalization, may increase disease and pest outbreaks as well as the
intensity and frequency of abiotic stresses. This increases the susceptibly of tress under combined biotic and abiotic stresses (B1), and result in increased damage
to trees, which includes decline in tree growth, increase in tree mortality, defoliation, and crown die-back (B2). These damages negatively affect the ecosystem
services of trees resulting in harmful economic and ecological impacts (B3). The negative effect on the ecosystem services of forests include loss of potential carbon
sinks and increased emission of biogenic volatile organic compounds, reduction in the quality and productivity of forest products, negative impact on human health
and well-being, and loss of micro and macro faunal- and floral-diversities, which may in turn cause loss of indirect services from the forest. Yellow arrows indicate
cause and effect relationships, and deep blue and red arrows indicate increase and decrease in tree growth, respectively.
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improvement can and should also target biological control
agents (Wang and Wang, 2017).

A number of forest management strategies can be deployed
to mitigate the impacts of combined biotic and abiotic stresses.
They include; thinning and reduction of the basal area of stands
(Bradford and Bell, 2017; Restaino et al., 2019; Lalande et al.,
2020), facilitating regeneration in advance of predicted hotter
droughts (Redmond et al., 2018), shorter rotation age to minimize
damage from bark beetle and droughts (Maclauchlan, 2016),
and stand diversification such as “clonal composites” (Rezende
et al, 2019). Accurate predictions of massive tree mortality and
early warning on hot spots of combined biotic and abiotic stresses
(Roux et al., 2015; Preisler et al.,, 2017; Rogers et al., 2018) will
aid not only decision making by forest managers but also scientific
interventions and priorities for ex situ conservation.

CONCLUSION

Biotic and abiotic stresses have always been important in
agriculture and forestry. In recent years, their importance has
increased as a result of climate change enhanced frequency
and intensity of weather extremes as well as globalization which
has increased the movement of pathogens and pests. Plants
often face these biotic and abiotic stresses in combination,
either simultaneously or sequentially. Forest trees are exposed
to the recurrence of these combinations due to their long
lifecycle. Plants show both shared and unique responses to
combined biotic and abiotic stresses. As a result, it is difficult
to predict both the response of plants to and damage due to
combined stresses from single stress studies. In this context,
we have shown the importance of combined biotic and abiotic
stresses as drivers of forest disease and pest outbreaks (Figure 5).
Indeed, observed and predicted evidences indicated that
combined biotic and abiotic stresses are associated with reductions
in tree growth and increasing episodes of massive tree mortality,
which have huge economic and ecological implications.
Climate change driven abiotic stresses such as heat and drought
may either increase or decrease pest and disease outbreaks
depending on the species of trees, pests, pathogens, and forest
biomes. Whether the increase or decrease is more likely at a
global scale is a subject of continued debate, although the available
evidences tend to show more increase in many cases. However,
what is more important is that such changes along with the
global movement of pathogens and pests will undoubtedly continue
to bring in a new spatial and temporal trend of disease and
pest outbreaks and the associated damage. This may also couple with
weather extremes which are increasing in frequency and intensity.
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The BpMYB4 Transcription Factor
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The MYB (v-myb avian myeloblastosis viral oncogene homolog) family is one of the
largest transcription factor families in plants, and is widely involved in the regulation of
plant metabolism. In this study, we show that a MYB4 transcription factor, BoMYB4,
identified from birch (Betula platyphylla Suk.) and homologous to EgMYB1 from
Eucalyptus robusta Smith and ZmMYB31 from Zea mays L. is involved in secondary
cell wall synthesis. The expression level of BoMYB4 was higher in flowers relative
to other tissues, and was induced by artificial bending and gravitational stimuli in
developing xylem tissues. The expression of this gene was not enriched in the
developing xylem during the active season, and showed higher transcript levels in
xylem tissues around sprouting and near the dormant period. BoMYB4 also was
induced express by abiotic stress. Functional analysis indicated that expression of
BpMYB4 in transgenic Arabidopsis (Arabidopsis thaliana) plants could promote the
growth of stems, and result in increased number of inflorescence stems and shoots.
Anatomical observation of stem sections showed lower lignin deposition, and a chemical
contents test also demonstrated increased cellulose and decreased lignin content in
the transgenic plants. In addition, treatment with 100 mM NaCl and 200 mM mannitol
resulted in the germination rate of the over-expressed lines being higher than that of
the wild-type seeds. The proline content in transgenic plants was higher than that in
WT, but MDA content was lower than that in WT. Further investigation in birch using
transient transformation techniques indicated that overexpression of BoMYB4 could
scavenge hydrogen peroxide and O, and reduce cell damage, compared with the
wild-type plants. Therefore, we believe that BoMYB4 promotes stem development and
cellulose biosynthesis as an inhibitor of lignin biosynthesis, and has a function in abiotic
stress resistance.

Keywords: BpMYB4 transcription factors, abiotic stress, secondary cell wall, functional analysis 2, Betula
platyphylla Suk
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INTRODUCTION

As a ubiquitous transcription factor in plants and animals, MYB
proteins are widely involved in the regulation of developmental
and metabolic changes in plants. The first MYB gene in plants,
ZmMYBCI, was isolated from maize (Paz-ares et al., 1987).
Subsequently, a large number of MYB functional genes were
isolated and identified from various plants (Dubos et al., 2010).
There are at least 196 MYB genes in Arabidopsis (Arabidopsis
thaliana), at least 197 in Populus (Populus trichocarpa), and 124
in grapevine (Vitis vinifera L.) (Wilkins et al., 2009).

NAC-MYB-based transcriptional regulation of secondary cell
wall biosynthesis in land plants is widely known. Plant secondary
growth processes are affected by both MYB transcriptional
activators and MYB transcriptional repressors, most of
which belong to the fourth sub-group of the MYB family
(Chen et al, 2002; Vannini et al, 2004). As transcriptional
activators, AtMYB46 has been well-studied. Two highly
homologous Arabidopsis genes, AtMYB46 and AtMYB83, can
be activated by SNDI (SECONDARY WALL-ASSOCIATED
NAC DOMAIN PROTEIN 1) and its homologous proteins,
and its overexpression can activate the biosynthesis of
lignin, cellulose and hemicellulose (Zhong et al., 2007;
Mccarthy et al., 2009). AtMYB26 regulates the synthesis of
secondary cell walls through NSTI (NAC SECONDARY
WALL THICKENING PROMOTING FACTOR 1) and
NST2, and its overexpression can lead to ectopic deposition
of secondary cell walls (Mitsuda et al, 2005; Yang et al.,
2007). PtMYB4 from pine (Pinus taeda) and EgMYB2 from
eucalyptus (Eucalyptus robusta Smith) belong to the same
phylogenetic group as AtMYB46. PtMYBI and PtMYB4 can
bind with AC elements and are expressed in developing wood,
causing secondary wall thickening and lignin biosynthesis
(Patzlaff et al., 2003b). Overexpression of PtMYB4 in tobacco
(Nicotiana tabacum L.) plants can induce the expression of
some lignin biosynthesis genes and cause abnormal deposition
of lignin and secondary wall thickening (Patzlaft et al., 2003a).
PtrMYB003 and PtrMYB020 in Populus are homologous
with Arabidopsis AtMYB46 and are specifically expressed
in secondary xylem; when overexpressed in Arabidopsis
they activate the biosynthesis of cellulose, hemicellulose,
and lignin (Mccarthy et al, 2010). Overexpression of
AtMYB58 and AtMYB63 promoted the expression of lignin
biosynthesis genes, resulting in ectopic deposition of lignin;
in contrast, inhibiting their expression reduced the lignin
content, resulting in secondary cell wall developmental defects
(Zhong et al., 2008; Zhou et al., 2009). In addition, the MYB
transcription factor regulates the synthesis of secondary
walls by participating in other phenylpropanoid pathways.
For example, AtMYB75 mainly regulates the biosynthesis of
anthocyanins, but overexpression of this protein also leads to
a slight increase in lignin accumulation, indicating that the
protein is also involved in the regulation of lignin biosynthesis
(Borevitz et al., 2000).

MYBs can also act as transcriptional inhibitors of lignin
biosynthesis. For example, transfer of the Antirrhinum
(Antirrhinum majus L.) AmMYB308 gene into tobacco

resulted in a significant decrease in the expression of C4H
(cinnamate-4-hydroxylase), 4CL (4-coumarate:coenzyme A
ligase) and CAD (cinnamyl alcohol dehydrogenase) genes, there
by effectively inhibiting the biosynthesis of lignin. Transfer
of AmMYB300 into tobacco resulted in the inhibition of
expression of 4CL (Tamagnone et al, 1998). In Arabidopsis,
overexpression of the maize (Zea mays L.) transcriptional
repressors ZmMYB31 and ZmMYB42 resulted in the inhibition
of expression of COMT (caffeic acid 3-O-methyltransferase),
thereby reducing lignin content (Fornalé et al., 2006). EgMYBI
from eucalyptus is an inhibitor of lignin biosynthesis (Legay
etal., 2007). Overexpression of PvMYB4 in switchgrass (Panicum
virgatum) inhibits lignin biosynthesis (Shen et al, 2011).
Overexpression of AtMYB32 causes anther distortion and
affects the formation of anther cell walls (Preston et al., 2004).
MYB189 negatively regulates secondary cell wall biosynthesis in
Populus (Jiao et al., 2019). Given that there is a little information
on the function of negative regulators in woody plants, the
screening and identification of MYB transcription factors with
transcriptional activation or transcriptional inhibition has broad
research significance.

Following a stress stimulus, the expression of some
transcription factors increases, resulting in signal amplification.
Thus, the expression of downstream related genes are also
regulated, so that overall stress resistance is improved to some
extent. According to existing reports, MYB transcription factors
are involved in a variety of plant stress responses and are key in
regulating the cell’s response to stress. Examples include a high
temperature resistance gene MYB68 (Feng et al., 2004); genes
that respond to drought and salt stress, GmMYBI177 (Liao et al.,
2008); genes that respond to drought and cold stress, OsMYB4;
genes that respond to drought, salt and radiation stress, OsMYB4
(Pasquali et al., 2008); genes that respond to cold, salt and
drought stress, AtMYB2 (Hoeren et al,, 1998); and OsMYB2
(Yang et al., 2012), to name a few.

Secondary growth and stress resistance are the important
physiological processes for tree radial growth and wood
formation. The properties of wood are determined by the
composition and characteristics of xylem secondary cell wall.
For pulping industry the lignin content in secondary cell wall
is an important factor affecting pulping yield. The birch (Betula
platyphylla Suk.) is one of the main pulpwood species. Therefore,
it is of great significance to study the lignin biosynthesis and
stress resistance for the genetic improvement of forest trees.
In this study, a MYB transcription factor homologous to the
genes inhibiting lignin synthesis was identified. The expression
pattern of this gene in tissues, under artificial bending or
abiotic stress treatment were analyzed. The functions related
to secondary cell wall biosynthesis were identified by over-
expressing BpMYB4 in Arabidopsis thaliana. Besides, the function
of this gene in abiotic stress tolerance was investigated through
transient transformation in birch. The expression patterns
of genes involved in abiotic stress response and cell wall
biosynthesis in transgenic plants were analyzed. The results can
help further understand the molecular mechanism of secondary
growth processes and abiotic stress responses regulated by MYB
transcription factors in woody plants.
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MATERIALS AND METHODS

Plant Materials and Treatment

Under aseptic conditions, the epidermal cells of onion were torn
and plated in 1/2 MS solid medium for sub-cellular localization
studies (Wang et al., 2019).

The vernalized birch (B. platyphylla) seeds were washed with
running water for 3 days and planted on the soil surface; the
soil contained a mixture of perlite: vermiculite: soil (1: 1: 4). The
plants were grown in a greenhouse under controlled conditions
(16 h/8 h light/dark, 25°C, 70-75% relative humidity). Two-
month-old seedlings were used to test the express levels between
leaves, stems and roots. Developing xylem of 2-years-old birch
seedlings were subjected to artificial bending experiments and
temporal expression analysis (Wang et al, 2014). The birch
seedlings were irrigated with 200 mM NaCl or 300 mM Mannitol
solutions for 12 h, 24 h, and 48 h, and the birch irrigated with
water was used as a control group for expression analysis under
abiotic stress. Three biological replicates were performed.

Wild-type (WT) Arabidopsis thaliana (ecotype Col-0) seeds
were surface-sterilized with 50% sodium hypochlorite for 6 min,
washed six times with sterile distilled water, the seeds plated
on solid 1/2 MS medium and incubated at 22°C under light.
After growing the cotyledons, the seedlings were transferred to
a mixture of perlite: vermiculite: soil (1: 1: 4) and grown in a
greenhouse under controlled conditions (16 h/8 h light/dark,
25°C, 70-75% relative humidity). The plants were thoroughly
watered every 5 days (Wen and Chang, 2002).

Gene Identification and Bioinformatics
Analysis

A cDNA sequence (GenBank accession number KA257119.1)
annotated as a MYB transcription factor was screened from
birch tension wood transcriptome (Wang et al., 2014). The open
reading frame (ORF) was determined using the NCBI blastX
procedures'. The molecular weight and isoelectric point of the
protein were predicted using Expasy®. The similarities in amino
acid sequences were checked using BioEdit for multiple sequence
alignments, and finally the MEGA version 4 software (Kubo et al.,
1998) was used for phylogenetic tree analysis.

Sub-Cellular Localization

Total RNA of birch was extracted using CTAB method (Chang
et al., 1993) and treated with DNase I to remove DNA
contamination. Total RNA was reverse transcribed into cDNA
using a PrimeScriptTMRT reagent Kit (Takara Bio Inc., Kusatsu,
Shiga, Japan). BpMYB4 CDS without a stop codon was fused
to the N-terminus of green fluorescent protein (GFP) into the
pROKII vector and driven by a CaMV 35S promoter. Vector
construct primers are shown in Supplementary Table 1. The
microcarriers (tungsten powder) embedded with the 35S: GFP
plasmid and the 35S: gene-GFP plasmid were transformed into

Uhttps://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM~=~blastx&PAGE_TYPE~
=~BlastSearch&LINK_LOC~=~blasthome

Zhttp://www.expasy.org/tools

onion epidermal cells with high pressure helium gas using a PDS-
1000 benchtop gene gun (Bio-Rad laboratories, Inc., Hercules,
CA, United States). After 2 days of culture under dark conditions,
the expression pattern was observed and captured using a
LSM700 laser confocal microscope (Zeiss, Jena, Germany).

Real-Time PCR

Total RNA of plant was extracted by CTAB method for semi-
quantitative RT-PCR and real-time RT-PCR analysis. Real-
time RT-PCR was performed with a TransStart Top Green
qPCR SuperMix kit (TransGen Biotech, Beijing, China) using
the primer sequences listed in Supplementary Table 2. The
amplification procedure was conducted using the following
parameters: 94°C for 30 s; 45 cycles at 94°C for 12 s, 58°C for
30 s and 72°C for 45 s; and 79°C for 1 s for plate reading.
The semi-quantitative PCR enzyme by rTaq (TaKaLa), which
amplification procedure was conducted using the following
parameters: 94°C for 2 min; 28 cycles at 94°C for 30 s, 58°C
for 30 s and 72°C for 45 s. Three independent experiments were
performed. The tubulin (GenBank accession number: FG067376)
and ubiquitin (GenBank accession number: FG065618) genes
were used as the internal controls. The relative expression level
of each gene was calculated using the delta-delta CT method
(Livak and Schmittgen, 2001).

Construction of Overexpression and

Knock-Down Expression Vectors

The CDS of genes was inserted into the pROKII vector to
construct the overexpression vector (OE) driven by a CaMV
35S promoter. A short sequence inverted repeat of 200 bp was
inserted in the RNAi vector pFGC5941 to generate the RNAi-
silencing knock down vector (SE). Vector construct primers are
shown in Supplementary Table 1. The recombinant plasmids
of the overexpression vector or the RNAi-silencing vector were
transformed into Agrobacterium tumefaciens strain EHA105
using the freeze-thaw method (Zhang et al., 2018).

Transformation of Arabidopsis

For transformation, WT Arabidopsis was used at flowering time
with the ripe pods removed. Transformation of 35S: MYB4-
GFP into A. thaliana was performed using the Arabidopsis
flower dipping method (Clough and Bent, 1998). The obtained
seeds were screened for resistance with 1/2 MS solid medium
containing 50 mg/L kanamycin, until T3 generation seeds
were obtained. The semi-quantitative PCR was performed for
expression identification of BpMYB4 in transgenetic Arabidopsis.
Primers are shown in Supplementary Table 2.

Histochemical Analysis

Transgenic A. thaliana growing for about 50 days was selected as
the experimental group, and WT A. thaliana in the same growth
cycle under the same environment was used as the control group.
The mature stems of A. thaliana in the control group and the
experimental group were sectioned by hand, and histochemically
stained with a 1% phloroglucinol solution. The sections were
observed with an optical microscope (Olympus BX53, Japan).
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A R2 domain

BpMYB4 MGRSPCCEFABTNECAWTREEDDRLIEYIFABGEGCWRSLPEAAGLLRCGRSCRLEWINYLRED
EgMYB1 MGRSPCCEFAHTNECAWTREEDDRLIEYIFABGEGCWRSLPRAAGLLRCGRSCRLEWINYLRED
AmMYB308 MGRSPCCEFAHTNRCAWTREEDDRLVAYIFAHGEGCWRSLPEAAGLLRCGRSCRLEWINYLRED
ZmMYB31 MGRSECCEFAHTNECAWTEEEDERLVAE IFABGEGCWRSLEEAAGLLRCGRSCRLEWINYLRED
ZmMYB42 umaSEFCEFAETLﬂc,ﬁwTREEDERLw; FAEGEGCWI;SLEEAAGLLRCGRSCRLF\-JIN‘ELRED
AtMYB4 )

R3 domain

BpMYB4 RRCNFTEEEDELIIRLESLLGNFWSLIAGRLEGRTDNEIRNYWNTHIRR
EgMYB1 RRGNFTEEEDEHITRLESLLGNRWSLIAGRLEGRTDNEIRNYWNTHIRR
AUMYB308 RRCNFTEEEDELIIRLESLLGNFWSLIAGRLEGRTDNEIRNYWNTHIRR
ZmMYB31 RRGNFTEEEDELIVRLES]LGNEWSLIACRLEGRTDNEIRNYWNTHIRR)
ZuMYB42 DEDE L IVRLESLLGNEWSLIAJRLEGRTDNEIRNYWNTHIRR
AtMYB4 B s DEEE L1 15 L M LGNE WS 1 ANR L EGRTDNE TRNE WNSeIB T,
BpMYB4 180
EgMYB1 180
AmMYB308 180
ZmMYB31 18
ZmMYB42 LLEEGIDEVTER VR C 2 Al geEtet < 2 2 2 A M R T ;Awﬁncpm_ 180

AtMYB4 115 2 LIJN’EL\,SLlﬁIDQKLTS DEMVVSSQQCPWHERANTT 180
BpMYB4 181 HIREEIgg: BNQPLRSLCFSC:
EgMYB1 181 EDLNLELGISPEEHNLEQEEH
AmMyB308 121 DESERcdRpINvECEIRT
zmMyB31 121 SCEHESEEACENCS)-RRZL RN NLDLCIEPPCOEFEFMEE N RVRE,

ZnMYB42 181 CHYFPCOEEDDCEEEDE ; EEAL\,A HGHCHGLCLGCGLAEQRGAAGCECSH

AtMYB4 181 TTNONSAFCESSENTTTVERCEVS MFEscereMrsNREENNEQLIVCHgVES 240
BpMYB4
EgMYB1 241 LDFMSV].D;TE* 256
AmMYB308
ZmMYB31 241 88 SSSSFLGLRTAMLDFRSLEME 275
ZmMYB42 241 'IHEL c\.V'LD 260
AtMYB4 241 QSNSIYS ja8 2 (oh'§iF ASOTMNNNNELVDOHEEEEQCMESWASEILEY TEENQSSETVIE A il
BpMYB4
EgMYB1
AmMYB308
ZmMYB31
ZmMYB42
AtMYB4 301
B BpMYB4
EgMYBH1
AmMYB308
ZmMYB31
ZmMYB42
—————AtMYB58
L AtvMYB63
AtMYB4
| EgMYB2
' AtMYB46
AtMYB118
—
0.1

FIGURE 1 | Sequence analysis of BpMYB4. (A) ClustalW alignment of EgMYB1 and homologous proteins using BioEdit. Black and gray shadings represent identical
and similar amino acids, respectively. The conserved regions R2 and R3 MYB DNA binding domains are indicated at the top. (B) Neighbor joining tree of BoMYB4
and homologous proteins (Bootstrap = 1000). Full-length amino acid sequences were used to construct the tree with the Mega 5.0 software. GenBank accession
numbers: EgMYB1 (CAE09058), EgMYB2 (AJ576023), ZmMYB31 (CAJ42202), ZmMYB42 (CAJ42204), AmMMYB308 (P81393), AtMYB4 (AF062860), AtMYB46
(NM121290), AtMYB58 (AF062893), AtMYB6E3 (AF062898), AIMYB118 (AF334817).
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EGFP

35S::GFP

35S::BpMYB4-GFP

confocal microscopy.

FIGURE 2 | Sub-cellular localization of BpMYBA4 protein in onion epidermal cells. Onion epidermal cells were transiently transformed with constructs containing
vector 35S: BpMYB4-GFP through particle bombardment method. Sub-cellular localization of 35S: BpMYB4-GFP fusion proteins were viewed using fluorescent

DIC

Merge

Chemical Analysis of Secondary Cell
Wall

Lignin and cellulose content were determined by the Soxhlet
extraction method (Thurbide and Hughes, 2000). The transgenic
and WT Arabidopsis plants were harvested at about 50 days
growth stage, dried in an oven at 105°C, pulverized, and bake
to a constant weight at 55°C. A sample weight of exactly 0.5 g
(weight to 0.0001 g) was used to determine the content of lignin
in transgenic Arabidopsis, and a sample weight of exactly 1.0 g
(weight to 0.0001 g) was used to determine the content of
cellulose. Three technical replicas were made. All samples were
wrapped with filter paper and tied with cotton thread.

Seed Germination Rate Under Abiotic
Stress

Seeds of WT A. thaliana and from the overexpression lines of
transgenic A. thaliana T3 generation (OE-7, OE-9, OE-25) were
washed with sodium hypochlorite solution and sequentially sown
on 1/2 MS, 1/2 MS + 100 mM NaCl, and 1/2 MS + 200 mM
mannitol (Ji et al., 2013). The seeds were germinated in an
artificial climate culture chamber for 10-15 days, and the
germination rate was counted.

MDA and PRO Content Determination
Using PRO kit (Nanjing Jiancheng, China) to determine the
content of L-proline (Pro) in plant materials under abiotic
stress. Malondialdehyde (MDA) determination of plants under
treatment was conducted by thiobarbituric acid method (Wang
et al.,, 2010b). Three biological replicates were performed.

Transient Transformation in Birch and

Treatment of Plants

Agrobacterium tumefaciens with pROKII, pFGC5941 empty
vector, and the recombinant vectors were cultured to OD 600
value of 0.5, and the cells were collected and resuspended in
5% sucrose, 1.5 mg/L KT (6-Furfurylaminopurine), 0.5 mg/L
NAA (1-naphthylacetic acid), 100 pM AS (acetosyringone)

and 0.02% Tween 20 in 50 mL of 1/2 MS liquid medium
(pH 5.6). Two month-old birch seedlings were soaked in the
medium containing resuspended bacterial cells under 25°C,
with constant shaking at 100 rpm for 2 h; the cultured birch
seedlings were then washed 1-2 times with sterile deionized
water, and the water on the birch seedlings was dried with
sterile absorbent paper. The infected birch seedlings were
transplanted into artificial nutrient soil (The ratio of soil, perlite
and vermiculite was 5:3:2) and moisturized by mulching. The
gene expression was detected by RT-PCR after culture at 25°C
and light (approximately 150 pwmol m~=2 s~!) for 3 days
(Zhang et al., 2018).

The transiently transformed birch seedlings were replanted
into the artificial nutrient soil in the greenhouse. After 3 days of
culture, the transiently transformed birch and the untreated WT
plants were treated with 100 mM NaCl and 200 mM mannitol for
24 h, respectively (Wang et al., 2019). Total RNA was extracted
from birch seedlings under stress and transcribed into cDNA.

DAB, NBT, and Evan’s Blue Staining

DAB (3-3’-diaminobenzidine), NBT (nitro blue tetrazolium) and
Evan’s Blue staining were performed on birch leaves after stress
treatment (Zhang et al.,, 2018). The leaves were extracted and
stained with DAB, NBT and Evan’s Blue stains. At 37°C, tissues
were stained with DAB overnight, stained with NBT for 4 h,
and stained with Evan’s Blue for 8 h. After staining, the stain
was removed and decolorized. The solution (95% ethanol + 5%
glycerol) was dehydrated in a boiling water bath.

RESULTS

BpMYB4 Is Homologous to Lignin
Biosynthetic Inhibitory Factor

An mRNA sequence, KA257119.1, 4258 bp in length, from
reaction wood of B. platyphylla was found in the Transcriptome
Shotgun Assembly database (Wang et al., 2014). According to
BLASTX and ORF analysis, a MYB transcription factor was
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identified with an open reading region 654 bp in length, encoding
a total of 217 amino acids. The molecular weight of this MYB
protein is predicted to be approximately 53.661 kDa.

Multi-sequence alignment analysis demonstrated (Wang et al.,
2018) that BpMYB4 has a typical R2R3 MYB TF signature.
BpMYB4 protein is highly similar to AmMYB308 (P81393)
(Tamagnone et al, 1998), ZmMYB42 (CAJ42204) (Fornalé
et al., 2006), ZmMYB31 (CAJ42202) (Fornalé et al., 2010), and
EgMYB1 (CAE09058) (Legay et al., 2007) across conserved
domains (Figure 1A), with similarity reaching up to 80% using
the full amino acid sequence and 95% in conserved domains.
A phylogenetic tree (Figure 1B) analysis showed that BpMYB4
was more similar to EgMYBI1, which is a inhibitory of lignin
biosynthesis, compared with Antirrhinum AmMYB308 and
maize ZmMYB31 and ZmMYB42.

Sub-Cellular Localization of BpMYB4

Recombinant plasmid 35S:MYB4-GFP was transfected into
onion epidermal cells using the gene gun transformation
technique, and the 35S: GFP plasmid was used as a positive
control. Observations using a laser confocal microscope showed
a green fluorescent signal in the nucleus of the onion epidermis,
indicating that BpMYB4 is a nuclear protein (Figure 2).

Expression Analysis of BpMYB4 Gene

To further investigate the biological role of BpMYB4 in secondary
growth of birch, its gene expression pattern in different tissues,
development stages in a growth season and during tension
wood development, were analyzed using real-time quantitative
PCR. The results (Figure 3A) showed that the expression level
of BpMYB4 was the highest in the inflorescence than other
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FIGURE 4 | Histological observation of transgenic Arabidopsis. (A) Histological observation of WT Arabidopsis. (B-F) Histological observation of transgenic
Arabidopsis stems (B: line 2; C: line 3; D: line 7; E: line 9; F: line 25). scale bar represent 50 um.

TABLE 1 | Determination of lignin and cellulose.

Number Lignin% Cellulose%
Line 2 12.08* 24.76*
Line 3 13.77* 25.01*
Line 7 12.81* 27.15*
Line 9 13.56* 27.81*
Line 25 13.75* 25.82*
WT 14.9 22.08

Each experiment was replicated independently for at least three times. Asterisk
indicates significant difference (*p < 0.05).

tissues, followed by buds, petioles, stems and leaves of birch. Its
expression level was nearly 100 times higher in inflorescence than
that in leaves, and 40-60 times higher in petioles and stems,
compared to leaves. In a growth season the expression level of
BpMYB4 was different in different stages of xylem development
in birch (Figure 3C); its expression was abundant in late April
and middle September, but decreased during active stages of
cambium development. When the stems of birch were subjected
to artificial bending and gravity stimulation, the transcript of
BpMYB4 was increased during tension wood (xylem formed
above the area of the bending) development, compared to those
in opposite wood (xylem formed below the area of the bending)
and normal wood (xylem of the straight tree) (Figure 3B).
Temporal expression patterns of the BpMYB4 gene were carried
out to test BpMYB4 response to salt stress and drought stress
using qQRT-PCR. The results showed the expression of BpMYB4
were induced at 24 h after stress treatment (Figures 3D,E).

Phenotypic Analysis by Ectopic

Expression of BpMYB4 in Transgenic
Arabidopsis

In order to identify the function of BpMYB4 in secondary
growth, transgenic Arabidopsis plants overexpressing BpMYB4

were generated. The semi-quantitative PCR was used to verify
the expression of BpMYB4 gene in transgenic Arabidopsis,
The results (Supplementary Figure 1) showed that BpMYB4
gene were expressed in transgenic line 7, line 9 and line
25. The phenotypic observation showed the growth rate
of the inflorescence stems of transgenic plants increased
(Supplementary Figure 2B) compared with the WT. Transgenic
Arabidopsis had a 10-15 day longer life cycle than WT. We
further detected lignin deposition using anatomical observations
(Figure 4). The stem sections stained with phloroglucinol-HCl
showed decreased lignin deposition in transgenic plants with
lighter red stain, compared to WT A. thaliana.

Analysis of Lignin and Cellulose Content

in Transgenic A. thaliana

To verify the inhibitory role of BpMYB4 in lignin biosynthesis,
chemical analysis was performed to detect the changes in
lignin and cellulose content of transgenic Arabidopsis. Chemical
composition analysis suggested that the content of lignin in
transgenic lines was reduced relative to WT, with decreasement
of 3.85-8.23%. However, compared with WT, the content of
cellulose in transgenic plants increased significantly (P < 0.05),
with a averange increasment of 5.29-13.15% (Table 1). These
results indicated that BpMYB4 overexpression has a negative
effect on lignin biosynthesis and deposition but a positive effect
on cellulose content.

Analysis of Germination Rate in

Response to Salt and Osmotic Stress

When the seeds of transgenic lines (OE-7, OE9, OE-25) and WT
were exposed to salt or mannitol, it was found that BpMYB4
overexpression conferred salt and osmotic stress tolerance to
the seeds. There was no substantial difference in germination
rates between transgenic Arabidopsis and WT lines under control
conditions (Figure 5). Following 100 mM NaCl or 200 mM
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mannitol treatment, compared with WT plants both OE-7, OE-
9 and OE-25 lines displayed higher germination rates. These
results suggest that BpMYB4 overexpression improves abiotic
stress tolerance in Arabidopsis.

MDA and PRO Content Determination

Malondialdehyde is the product of membrane lipid peroxidation
in plant tissues subjected to oxidative stress under adversity,
reflecting the degree of cell membrane lipid peroxidation and

the strength of plant response to adversity (Ma et al., 2015).
Pro plays an important role in osmotic regulation in plants.
Under adversity conditions, the Pro content reflects the stress
resistance of plants to a certain extent (Vendruscolo et al.,
2007). We tested the content of MDA and Pro to study the
resistance of BpMYB4 transgenic plants to salt and drought
stress. The WT and transgenic Arabidopsis were treated with
200 mM NaCl and 300 mM Mannitol solutions for 24 h,
and the control plants were treated with water. Compared
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FIGURE 6 | Analysis of BoMYB4 expression in birch after transient
transformation. The overexpression vector 35S: BpMYB4 (OE) and the
inhibitory expression vector pFGC5941-BpMYB4 (SE) were transformed into
birch seedlings by infection to make the vector transiently expressed in the
plant, and the expression analysis of BpMYB4 was performed by real-time
quantitative PCR.

with the control group, the content of MDA in transgenic
Arabidopsis was reduced, and the content of Pro was increased.
The above results indicate that the BpMYB4 gene has certain
stress resistance ability.

Generation of Transiently Transgenic
Birch Plants With Knocked Down or
Overexpressing BpMYB4

BpMYB4 was over-expressed or knocked down in birch using
an Agrobacterium-mediated transient expression system, and the
expression levels of BpMYB4 in transgenic plants were detected
by qRT-PCR (Figure 6). The results showed that expression of
BpMYB4 was highly up-regulated in the transiently transformed
plants with 35S: MYB4 vectors, which was approximately 20-
fold higher than that of the control, while expression of BpMYB4
in the transiently transformed knock-down plants (pFGC5941:
MYB4) was down-regulated, with only 1/4th of the transcripts
present in the control. The results showed that BpMYB4 was
overexpressed or knocked down in the transiently transformed
birch seedlings. These transformed lines were used in further
functional analysis.

BpMYB4 Functions to Scavenge ROS
and Maintain Cell Membrane Integrity in
Transgenic Birch Subjected to Abiotic
Stress

Abiotic stress can induce the generation of reactive oxygen
species (ROS), such as hydrogen peroxide (H,0O;) and superoxide
anion Oy 7, and accumulation of ROS could damage cell
membranes by oxidation of proteins, lipids and DNA (Mittler
et al., 2004). To analyze the physiological mechanisms by which
BpMYB4 increases the ability to tolerate stress, birch plants were
transformed transiently with 35S: BpMYB4, pROKII plasmid

(control), pFGC5941: BpMYB4 or pFGC5941 plasmid (control),
and WT as well as transgenic plants were irrigated with water
(contro), 100 mM NaCl or 200 mM mannitol for 24 h. DAB
staining in plants following abiotic stress have previously shown
reduced hydrogen peroxide accumulation, leading to increased
resistance (Sela et al., 2013). In the present results, DAB staining
showed that under non-stress condition the over-expression (OE)
plants, silencing expression (SE) plants, control plants and WT
plants were not stained, with no obvious difference between
them (Figure 7A). These results indicate that the content of
hydrogen peroxide in these lines was similar in the controls.
Under abiotic stress conditions, hydrogen peroxide accumulation
in OE plants were at the lowest levels, and the hydrogen
peroxide accumulation levels in the SE plants were the highest.
This indicates that BpMYB4 can reduce hydrogen peroxide
accumulation in OE birch seedlings subjected to abiotic stress,
and plays a role in stress tolerance of birch plants.

We performed NBT staining on the transiently transformed
birch plants after abiotic stress treatment. Studies have shown that
NBT staining can detect the accumulation of O, ™ in cells under
stress, thereby demonstrating the resistance ability of plants (Yu
etal., 2018). The results are shown in Figure 7B. Following water
treatment, there was no obvious color difference between OE
plants, SE plants, control group and WT, indicating that O~
content was basically the same. However, under NaCl or mannitol
treatment, the level of O~ in the OE plants was the lowest,
and the level of O, in SE plants was the highest. This shows
that the content of O, ™ in the OE plants is smaller than that in
WT and control group. Our results indicate that BpMYB4 can
reduce the accumulation of O, ™ in birch trees under abiotic
stress, further suggesting that BpMYB4 plays a role in the stress
resistance of birch trees.

Studies have shown that Evan’s Blue staining can detect cell
death and demonstrate the degree of stress resistance of plants
(Singh and Upadhyay, 2014). Evan’s Blue staining was performed
on the transiently transformed birch plants after abiotic stress
treatment. The results are shown in Figure 7C. Under the water
treatment, there was no obvious color difference between OE
plants, SE plants, the control group, and the WT, indicating
that there was no remarkable difference in the degree of cell
damage. However, under abiotic stress conditions, the damage of
OE plant cell membranes was the lowest, and the damage of SE
plant cell membranes was the highest. Our results indicate that
BpMYB4 can reduce the damage to cells in OE birch plants under
abiotic stress. The Evan’s Blue staining results again showed that
BpMYB4 has a certain function of stress resistance in birch.

BpMYB4 Regulates the Expression of
Genes Related to Resistance and Cell

Wall Biosynthesis

To analyze the genes regulated by BpMYB4 in stress resistance
and cell well formation, we analyzed the expression levels
of putative downstream resistance-related and cell wall
biosynthesis-related genes in overexpressing and knock-
out transgenic lines. The results in Figure 8A show that
most resistance-related genes were highly up-regulated in
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overexpressing lines (pROKII-BpMYB4) compared to the empty
vector (pROK II) control line, including SOD1, SOD2, SOD3,
SOD4, SOD5, PODI, POD2, POD3 POD5, PODI2, P5CDhl,
P5CDh2, and P5CS2 genes. Among them, the maximum
differential expression amount can reach as much as 27.4 fold,
and the smallest is only about 1 flod. Therefore, most of the
resistance-related genes were up-regulated in overexpressing
lines, suggesting that overexpression of BpMYB4 (pROKII-
BpMYB4) can induce the expression of resistance-related genes.
The results in Figure 8B show that most resistance genes are
negatively regulated by the suppressed expression of BpMYB4
(RNAi-BpMYB4), compared to the empty vector (RNAi) control
line. Among them, POD1, POD3, POD6, POD7, PODS8, PODY,
POD10, POD11, PODI12, P5CDhl, P5CDh2, P5CS1, and P5CS2

expression were remarkably highly down-regulated. Among
them, POD12 had the largest down-regulated expression level,
and the down-regulated expression level could reach as much
as 84.9 fold. These data indicate that knock-down expression of
BpMYB4 (RNAi-BpMYB4) can negatively affect the expression
of resistance-related genes. The results in Figure 9A show that
compared with the empty vector (pROKII) control line, in the
OE lines (pROKII-BpMYB4), CCO, CCR and C4H genes which
are the key regulator in lignin biosynthesis were down-regulated.
CESA gene relate to cellulose biosynthesis was up-regulated,
expression of CAD and 4CL were also slight increased. Among
them, the transcripts increase of CESA reached 3.61 fold, and the
decreased expression level of C4H reached 8 fold. The results
in Figure 9B show that compared with the RNAi empty vector
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FIGURE 8 | The expression levels of resistance-related genes in overexpression and suppression of expression in birch. (A) Taking the empty vector strain (pROKII)
as a control, the expression levels of resistance-related genes in overexpressing strains were monitored. (B) Taking the empty vector strain (RNAI) as a control, the
expression levels of resistance-related genes in the suppressive expression line were monitored.

(pFGC5941) control line, in the suppressed expression lines
(pFGC5941-BpMYB4), CAD and C4H genes were up-regulated,
and CCO, CESA and CCR genes were down-regulated. Among
them, the increased expression level of CAD reached 5.86 fold,
and the transcripts decrease of CESA reached 30.27 flod. These
data suggest that BpMYB4 transcript factor can negatively affect
the expression of some lignin biosynthesis gene and positive
regulate the cellulose biosynthesis gene in OE plants compare
with the WT. Therefore, BpMYB4 has a certain function in
regulating the expression of cell wall biosynthesis-related and
resistance-related genes.

DISCUSSION

Multiple sequence alignment and phylogenetic tree analysis
demonstrated that BpMYB4 is similar to EgMYB1, AmMYB308,
ZmMYB42 and ZmMYB31 at the amino acid level, all of which
have been identified as lignin biosynthetic inhibitory factors
(Tamagnone et al., 1998; Fornalé et al., 2006, 2010; Legay et al,,
2007). Therefore, we speculated that BpMYB4 might also play a
negative role in lignin biosynthesis in birch.

According to relevant reports, genes encoding transcription
factors that inhibit vascular development are usually not highly
or specifically expressed in vascular tissues (Zhao and Dixon,

2011). In this study BpMYB4 was expressed at high levels in
flowers, at levels higher than that seen in stems. In addition,
BpMYB4 was abundantly expressed during the dormancy seasons
of April and September. This expression pattern was unlike that
seen in some genes whose products are involved in secondary
cell wall formation, which were highly expressed in June or July
(Wang et al.,, 2010a), and might imply the role of inhibitors in
secondary growth. BpMYB4 transcript levels increased during
tension wood development compared with those seen in opposite
wood and normal wood. In tension wood of birch, the cellulose
content was higher and lignin content was lower than those in
opposite wood and normal wood (Wang et al., 2014). Together
with the expression level changes and phylogenetic tree analysis,
our results suggest that BpMYB4 might be an inhibitor of lignin
biosynthesis in birch.

Studies in populations of forest tree hybrids have shown that
when the lignin content is greatly reduced and the cellulose
content is increased in transgenic plants, the growth rate of
roots and stems is significantly increased (Hu et al, 1999).
There is a negative correlation between biomass growth and
lignin content (Kirst et al., 2004; Novaes et al., 2009, 2010). In
the present study, the inflorescence stems of the transgenic
plants was higher than the WT. So we detected the secondary
xylem development and lignin deposition using anatomical
observations (Figure 4) and chemical analysis. The stem
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sections stained with phloroglucinol-HCl showed decreased
lignin deposition in transgenic plants, relative to WT A. thaliana.
The content of lignin in transgenic lines was reduced, but
the content of cellulose in transgenic plants was increased
relative to WT (Table 1). Therefore, we hypothesized that the
reason of growth increase in stems of transgenic plants is that
BpMYB4 inhibited lignin biosynthesis. These results confirmed
that BpMYB4 has a negative effect on lignin biosynthesis and
deposition but a positive effect on cellulose content. The express
analysis of cell wall biosynthesis relate genes in transgenetic
birch with BpMYB4 transiently over-expressing suggested that
BpMYB4 transcript factor can decreased the expression of some
lignin biosynthesis gene and positive regulate the cellulose
biosynthesis gene in OE plants compare with the WT. These
data might explain the mechanism of cell wall components
modification in transgenetic plants.

The transgenetic birch with BpMYB4 transiently expression
were used to investigate the resistance ability of BpMYB4. On
the one hand, functional analysis in birch was used to verify the
results of heterologous expression of BpMYB4 in Arabidopsis
experiment, on the other hand, it is convenient to analyze
the genes that can be regulated in birch by BpMYB4. ROS
are produced when plants face adverse conditions (Scandalios,
1993). Levels of H,O, in plant cells may accumulate and cause
oxidative damage when plants undergo stress (Larrigaudiere

et al., 2001). The amount of H,O, released from the cells
can be detected by the intensity of DAB staining. Previous
studies have shown that reduced H,O, accumulation (detected
via DAB) following abiotic stress can increase stress resistance
(Sela et al,, 2013). In this study, after treatment with 100 mM
NaCl or 200 mM mannitol, DAB staining showed that H,O,
accumulation in OE plants was lower than WT, but higher
in SE plants compared to WT. This indicates that BpMYB4
can reduce H,O; accumulation in OE birch seedlings subjected
to abiotic stress. Another way ROS is produced in cells is
via stress signaling, the cellular level of Oy~ (Mittler et al.,
2004). Staining with NBT indicates the activity of superoxide
dismutase (Buc-Calderon and Roberfroid, 1988), which reflects
the content of Oy~ in cells (Yu et al., 2018). In the present
study, under abiotic stress conditions, the levels of O~ in OE
plants were the lowest, and the levels of O~ in SE plants
were the highest. The results indicate that BpMYB4 can reduce
the accumulation of Oy~ in birch seedlings under abiotic
stress. Accumulation of ROS may damage cell membranes by
oxidation of proteins, lipids and DNA (Mittler et al., 2004).
Studies have shown that Evan’s Blue staining can detect cell
death and demonstrate the degree of stress resistance of plants
(Singh and Upadhyay, 2014). Therefore, we performed Evan’s
Blue staining on the transiently transformed birch plants after
abiotic stress treatment. The results indicate that BpMYB4 can
reduce the damage done by abiotic stress in OE lines of birch.
BpMYB4 also induces the expression of most resistance-related
genes. All the above results showed that BpMYB4 activates
the metabolic pathway of ROS clearance by regulating the
expression of resistance-related genes in transgenic birch trees
subjected to abiotic stress, thereby reducing the level of ROS
to maintain cell membrane integrity and playing a role in the
resistance of birch trees.

CONCLUSION

In this study, we identified a BpMYB4 gene which is homologous
to other transcription factors that negatively regulate lignin
biosynthesis. The expression analysis of BpMYB4 in different
tissues, under artificial bending treatment and at different
stages in a growing season also imply that it might be an
inhibitory transcription factor in secondary growth. Functional
analysis in transgenic Arabidopsis further demonstrated that
BpMYB4 can promote height growth of inflorescence stems,
increase cellulose and decrease lignin content in the transgenic
plants. Analysis of the stable transformation of Arabidopsis and
transiently transformed birch with BpMYB4 also indicated a
certain stress resistance function. These results can be useful for
further understanding the molecular mechanism of secondary
growth procesess and abiotic stress responses regulated by MYB
transcription factors.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 606062


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yu et al.

BpMYB4 Related to Stress and Lignin

and accession number(s) can be found in the article/

Supplementary Material.

AUTHOR CONTRIBUTIONS

CW: conceptualization and methodology. HL and NZ: software.
YY, HL, and NZ: formal analysis and investigation. YY and
CW: writing—review and editing. YY: visualization. CW: funding
acquisition. All authors contributed to the article and approved
the submitted version.

FUNDING

This research was financially supported by “the Fundamental
Research Funds for the Central Universities” (2572016DAO01).
The Overseas Expertise Introduction Project for Discipline

REFERENCES

Borevitz, J. O., Xia, Y., Blount, J., Dixon, R. A., and Lamb, C. (2000). Activation
tagging identifies a conserved MYB regulator of phenylpropanoid biosynthesis.
Plant Cell 12, 2383-2394. doi: 10.1105/tpc.12.12.2383

Buc-Calderon, P., and Roberfroid, M. (1988). Inhibition of O2.- and HO -
mediated processes by a new class of free radical scavengers: the N-ACYL
Dehydroalanines. Free Radic. Res. Commun. 5, 159-168. doi: 10.3109/
10715768809066925

Chang, S. J., Puryear, J., and Cairney, J. (1993). A simple and efficient method
for isolating RNA from pine trees. Plant Mol. Biol. Rep. 11, 113-116. doi:
10.1385/MB:19:2:201

Chen, W., Provart, N. J., Glazebrook, J., Katagiri, F., Chang, H. S., Eulgem, T,
etal. (2002). Expression profile matrix of Arabidopsis transcription factor genes
suggests their putative functions in response to environmental stresses. Plant
Cell 14, 559-574. doi: 10.1105/tpc.010410

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant ]. 16,
735-743. doi: 10.1046/j.1365-313x.1998.00343.x

Dubos, C., Stracke, R., Grotewold, E., Weisshaar, B., Martin, C., and Lepiniec, L.
(2010). MYB transcription factors in Arabidopsis. Trends Plant Sci. 15, 573-581.
doi: 10.1016/j.tplants.2010.06.005

Feng, C. P., Andreasson, E., Maslak, A., Mock, H. P., Mattsson, O., and Mundy,
J. (2004). Arabidopsis MYB68 in development and responses to environmental
cues. Plant Sci. 167, 1099-1107. doi: 10.1016/j.plantsci.2004.06.014

Fornal¢, S., Shi, X. H., Chai, C. G., Encina, A, Irar, S., Capellades, M., et al.
(2010). ZmMYB31 directly represses maize lignin genes and redirects the
phenylpropanoid metabolic flux. Plant ]. 64, 633-644. doi: 10.1111/j.1365-
313X.2010.04363.x

Fornalé, S., Sonbol, F. M., Maes, T., Capellades, M., Puigdomenech, P., Rigau, J.,
etal. (2006). Down-regulation of the maize and Arabidopsis thaliana caffeic acid
O-methyl-transferase genes by two new maize R2R3-MYB transcription factors.
Plant Mol. Biol. 62, 809-823. doi: 10.1007/s11103-006-9058-2

Hoeren, F. U., Dolferus, R., Wu, Y., Peacock, W. J., and Dennis, E. S. (1998).
Evidence for a role for AtMYB2 in the induction of the Arabidopsis alcohol
dehydrogenase gene (ADH1) by low oxygen. Genetics 149, 479-490.

Hu, W.J., Harding, S. A, Lung, J., Popko, J. L., Ralph, J., Stokke, D. D., et al. (1999).
Repression of lignin biosynthesis promotes cellulose accumulation and growth
in transgenic trees. Nat. Biotechnol. 17, 808-812. doi: 10.1038/11758

Ji, X. Y, Liu, G. F,, Liu, Y. J., Zheng, L., and Wang, Y. C. (2013). The bZIP
protein from Tamarix hispida, ThbZIP1, is ACGT elements binding factor that
enhances abiotic stress signaling in transgenic Arabidopsis. Bmc Plant Biol.
13:151. doi: 10.1186/1471-2229-13-151

Jiao, B., Zhao, X.,, Lu, W. X,, Guo, L., and Luo, K. (2019). The R2R3
MYB transcription factor MYBI89 negatively regulates secondary cell wall

Innovation (B16010). Heilongjiang Touyan Innovation Team
Program (Tree Genetics and Breeding Innovation Team).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.
606062/full#supplementary-material

Supplementary Figure 1 | Semi-quantitative PCR analysis of BoMYB4 Gene in
transgenic Arabidopsis.

Supplementary Figure 2 | Observation of transgenic Arabidopsis phenotype.
Comparison of transgenic Arabidopsis and WT at 1 week (A), 4 weeks (B), and
6 weeks (C).

Supplementary Table 1 | Vector construction primer sequence.

Supplementary Table 2 | gRT-PCR primer sequence.

biosynthesis in Populus. Tree Physiol. 39, 1187-1200. doi: 10.1093/treephys/
tpz040

Kirst, M., Myburg, A. A, Leon, J. P. G. D,, Kirst, M. E,, Scott, J., and Sederoff,
R. (2004). Coordinated genetic regulation of growth and lignin revealed by
quantitative trait locus analysis of cDNA microarray data in an interspecific
backcross of eucalyptus. Plant Physiol. 135, 2368-2378. doi: 10.1104/pp.103.
037960

Kubo, K., Sakamoto, A., Kobayashi, A., Rybka, Z., Kanno, Y., Nakagawa, H., et al.
(1998). Cys2/His2 zinc-finger protein family of petunia: evolution and general
mechanism of target-sequencerecognition. Nucleic Acids Res. 26, 608-615. doi:
10.1093/nar/26.2.608

Larrigaudiére, C., Lentheric, I, Pintd, E., and Vendrell, M. (2001). Short—term
effects of air and controlled atmosphere storage on antioxidant metabolism
in conference pears. J. Plant Physiol. 158, 1015-1022. doi: 10.1078/0176-1617-
00114

Legay, S., Lacombe, E., Goicoechea, M., Briere, C., Séguin, A., Mackay, J.,
et al. (2007). Molecular characterization of EgMYBI, a putative transcriptional
repressor of the lignin biosynthetic pathway. Plant Sci. 173, 542-549. doi:
10.1016/j.plantsci.2007.08.007

Liao, Y., Zou, H. F.,, Wang, H. W., Zhang, W. K., Ma, B, Zhang, J. S., et al. (2008).
Soybean GmMYB76, GmMYB92, and GmMYB177 genes confer stress tolerance
intransgenic Arabidopsis plants. Cell Res. 18, 1047-1060. doi: 10.1038/cr.2008.
280

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25:402. doi: 10.1006/meth.2001.1262

Ma, J., Du, G. Y, Li, X. H,, Zhang, C. Y., and Guo, J. K. (2015). A major
locus controlling malondialdehyde content under water stress is associated
with Fusarium crown rot resistance in wheat. Mol. Genet. Genomics Mgg. 290,
1955-1962. doi: 10.1007/s00438-015-1053-3

Mccarthy, R. L., Zhong, R. Q., Fowler, S., Lyskowski, D., Piyasena, H., Carleton, K.,
et al. (2010). The poplar MYB transcription factors,PtrMYB3 and PtrMYB20,
are involved in the regulation of secondary wall biosynthesis. Plant Cell Physiol.
51, 1084-1090. doi: 10.1093/pcp/pcq064

Mccarthy, R. L., Zhong, R. Q., and Ye, Z. H. (2009). MYB83 is a direct target
of SND1 and acts redundantly with MYB46 in the regulation of secondary
cell wall biosynthesis in Arabidopsis. Plant Cell Physiol. 50, 1950-1964. doi:
10.1093/pcp/pepl39

Mittler, R., Vanderauwera, S., Gollery, M., and Van Breusegem, F. (2004). Reactive
oxygen gene network of plants. Trends Plant Sci. 9, 490-498. doi: 10.1016/j.
tplants.2004.08.009

Mitsuda, N., Seki, M., Shinozaki, K., and Ohme-Takagi, M. (2005). The NAC
transcription factors NST1 and NST2 of Arabidopsis regulates secondary wall
thickening and are required for anther dehiscence. Plant Cell 17, 2993-3006.
doi: 10.1105/tpc.105.036004

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 606062


https://www.frontiersin.org/articles/10.3389/fpls.2020.606062/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.606062/full#supplementary-material
https://doi.org/10.1105/tpc.12.12.2383
https://doi.org/10.3109/10715768809066925
https://doi.org/10.3109/10715768809066925
https://doi.org/10.1385/MB:19:2:201
https://doi.org/10.1385/MB:19:2:201
https://doi.org/10.1105/tpc.010410
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1016/j.tplants.2010.06.005
https://doi.org/10.1016/j.plantsci.2004.06.014
https://doi.org/10.1111/j.1365-313X.2010.04363.x
https://doi.org/10.1111/j.1365-313X.2010.04363.x
https://doi.org/10.1007/s11103-006-9058-2
https://doi.org/10.1038/11758
https://doi.org/10.1186/1471-2229-13-151
https://doi.org/10.1093/treephys/tpz040
https://doi.org/10.1093/treephys/tpz040
https://doi.org/10.1104/pp.103.037960
https://doi.org/10.1104/pp.103.037960
https://doi.org/10.1093/nar/26.2.608
https://doi.org/10.1093/nar/26.2.608
https://doi.org/10.1078/0176-1617-00114
https://doi.org/10.1078/0176-1617-00114
https://doi.org/10.1016/j.plantsci.2007.08.007
https://doi.org/10.1016/j.plantsci.2007.08.007
https://doi.org/10.1038/cr.2008.280
https://doi.org/10.1038/cr.2008.280
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/s00438-015-1053-3
https://doi.org/10.1093/pcp/pcq064
https://doi.org/10.1093/pcp/pcp139
https://doi.org/10.1093/pcp/pcp139
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1105/tpc.105.036004
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yu et al.

BpMYB4 Related to Stress and Lignin

Novaes, E., Kirst, M., Chiang, V., Winter-Sederoff, H., and Sederoff, R. (2010).
Lignin and biomass: a negative correlation for wood formation and lignin
content in trees. Plant Physiol. 154, 555-561. doi: 10.1104/pp.110.161281

Novaes, E., Osorio, L., Drost, D. R., Miles, B. L., Boaventura-Novaes, C. R.,
Benedict, C,, et al. (2009). Quantitative genetic analysis of biomass and wood
chemistry of Populus under different nitrogen levels. New Phytol. 182, 878-890.
doi: 10.1111/j.1469-8137.2009.02785.x

Pasquali, G., Biricolti, S., Locatelli, F., Baldoni, E., and Mattana, M. (2008). Osmyb4
expressionimproves adaptive responses to drought and cold stress intransgenic
apples. Plant Cell Rep. 27, 1677-1686. doi: 10.1007/s00299-008-0587-9

Patzlaff, A., McInnis, S., Courtenay, A., Surman, C., Newman, L. J., Smith, C,, et al.
(2003a). Characterisation of a pine MYB that regulates lignification. Plant J. 36,
743-754. doi: 10.1046/j.1365-313x.2003.01916.x

Patzlaff, A., Newman, L. J., Dubos, C., Whetten, R. W., Smith, C., McInnis, S., et al.
(2003b). Characterization of PtMYB1, an R2R3-MYB from pine xylem. Plant
Mol. Biol. 53, 597-608. doi: 10.1023/B:PLAN.0000019066.07933.d6

Paz-ares, J., Ghosal, D., Wienand, U., Peterson, P. A., and Saedler, H. (1987). The
regulatory c1 locus of Zea mays encodes a protein with homology to myb proto-
oncogene products and with structural similarities to transcriptional activators.
EMBO J. 6, 3553-3558. doi: 10.1002/j.1460-2075.1987.tb02684.x

Preston, J., Wheeler, J., Heazlewood, J., Li, S. F., and Parish, R. W. (2004). AtMYB32
is required for normal pollen development in Arabidopsis thaliana. Plant J. 40,
979-995. doi: 10.1111/.1365-313X.2004.02280.x

Scandalios, J. G. (1993). Oxygen stress and superoxide dismutases. Plant Physiol.
101, 7-12. doi: 10.1104/pp.101.1.7

Sela, D., Buxdorf, K., Shi, J. X., Feldmesser, E., Schreiber, L., Aharoni, A., et al.
(2013). Overexpression of AtSHN1/WIN1 provokes unique defense responses.
PLoS One 8:€70146. doi: 10.1371/journal.pone.0070146

Shen, H., He, X. Z., Poovaiah, C. R., Wuddineh, W. A., Ma, ]. Y., Mann, D. G. J,,
etal. (2011). Functional characterization of the switchgrass (Panicum virgatum)
R2R3-MYB transcription factor PvMYB4 for improvement of lignocellulosic
feedstocks. New Phytol. 193, 121-136. doi: 10.1111/j.1469-8137.2011.03922.x

Singh, V. K., and Upadhyay, R. S. (2014). Fusaric acid induced cell death and
changes in oxidative metabolism of Solanum lycopersicumL. Bot. Stud. 55:66.
doi: 10.1186/540529-014-0066-2

Tamagnone, L., Merida, A., Parr, A., Mackay, S., Culianez-Macia, F. A., Roberts,
K., et al. (1998). The AmMYB308 and AmMYB330 transcription factors from
Antirrhinum regulate phenylpropanoid and lignin biosynthesis in transgenic
tobacco. Plant Cell 10, 135-154. doi: 10.1105/tpc.10.2.135

Thurbide, K. B., and Hughes, D. M. (2000). A rapid method for determining
the extractives content of wood pulp. Ind. Eng. Chem. Res. 39, 3112-3115.
10.1021/ie0003178

Vannini, C., Locatelli, F., Bracale, M., Magnani, E., Marsoni, M., Osnato, M., et al.
(2004). Overexpression of the rice Osmyb4 gene increases chilling and freezing
tolerance of Arabidopsis thaliana plants. Plant J. 37, 115-127. doi: 10.1046/j.
1365-313x.2003.01938.x

Vendruscolo, E. C. G, Schuster, I, Pileggi, M., Scapim, C. A., Molinari, H. B. C,,
Marur, C. J., et al. (2007). Stress-induced synthesis of proline confers tolerance
to water deficit in transgenic wheat. J. Plant Physiol. 164, 1367-1376. doi:
10.1016/j.jplph.2007.05.001

Wang, C., Wang, Y. C,, Diao, G. P,, Jiang, J., and Yang, C. P. (2010a). Isolation
and characterization of expressed sequence tags (ESTs) from cambium tissue of
birch (Betula platyphylla Suk.). Plant Mol. Biol. Rep. 28, 438-449. doi: 10.1007/
s11105-009-0172-6

Wang, C., Zhang, N., Gao, C. Q., Cui, Z. Y., Sun, D., Yang, C. P,, et al. (2014).
Comprehensive transcriptome analysis of developing xylem responding to
artificial bending and gravitational stimuli in Betula platyphylla. PLoS one.
9:€87566. doi: 10.1371/journal.pone.0087566

Wang, Y., Gao, C,, Liang, Y., Wang, C., Yang, C., and Liu, G. (2010b). A novel bZIP
gene from Tamarix hispida mediates physiological responses to salt stress in
tobacco plants. J. Plant Physiol. 167, 222-230. doi: 10.1016/j.jplph.2009.09.008

Wang, Y. M., Wang, C., Guo, H. Y., and Wang, Y. C. (2019). BpIMYB46 from
betula platyphylla can form homodimers and heterodimers and is involved
in salt and osmotic stresses. Int. J. Mol. Sci. 20:1171. doi: 10.3390/ijms200
51171

Wang, S., Yang, C. P., Zhao, X. Y., Chen, S., and Qu, G. Z. (2018). Complete
chloroplast genome sequence of Betula Platyphylla: gene organization, RNA
editing, and comparative and phylogenetic analyses. BMC Genomics 19:950.
doi: 10.1186/s12864-018-5346-x

Wen, C. K., and Chang, C. (2002). Arabidopsis rgll encodes a negative regulator
of gibberellin responses. Plant Cell Online 14, 87-100. doi: 10.1105/tpc.01
0325

Wilkins, O., Nahal, H., Foong, J., Provart, N. J., and Campbell, M. M. (2009).
Expansion and diversification of the Populus R2R3-MYB family of transcription
factors. Plant Physiol. 149, 981-993. doi: 10.1104/pp.108.132795

Yang, A., Dai, X. Y., and Zhang, W. H. (2012). A R2R3-type MYB gene, Os-
MYB?2, is involved in salt, cold, and dehydration tolerance inrice. Exp. Bot. 63,
2541-2556. doi: 10.1093/jxb/err431

Yang, C., Xu, Z., Song, J., Conner, K., Barrena, G. V., and Wilson, Z. A. (2007).
Arabidopsis MYB26/MALE STERILE35 regulates secondary thickening in the
endothecium and is essential for anther dehiscence. Plant Cell 19, 534-548.
doi: 10.1105/tpc.106.046391

Yu, J. Q., Wang, J. H,, Sun, C. H., Zhang, Q. Y., Hu, D. G., and Hao, Y. J. (2018).
Ectopic expression of the apple nucleus-encoded thylakoid protein MdY3IP1
triggers early-flowering and enhanced salt-tolerance in Arabidopsis thaliana.
Bmc Plant Biol. 18:18. doi: 10.1186/s12870-018-1232-6

Zhang, T., Zhao, Y., Wang, Y., Liu, Z., and Gao, C. (2018). Comprehensive analysis
of MYB gene family and their expressions under abiotic stresses and hormone
treatments in tamarix hispida. Front. Plant Sci. 9:1303. doi: 10.3389/fpls.2018.
01303

Zhao, Q., and Dixon, R. A. (2011). Transcriptional networks for lignin
biosynthesis: more complex than we thought. Trends Plant Sci. 16, 227-233.
doi: 10.1016/j.tplants.2010.12.005

Zhong, R. Q., Lee, C. H., Zhou, J. L., McCarthy, R. L., and Ye, Z. H. (2008). A
battery of transcription factors involved in the regulation of secondary cell
wall biosynthesis in Arabidopsis. Plant Cell 20, 2763-2782. doi: 10.1105/tpc.108.
061325

Zhong, R. Q., Richardson, E. A, and Ye, Z. H. (2007). The MYB46 transcription
factor is a direct target of SND1 and regulates secondary wall biosynthesis in
Arabidopsis. Plant Cell 19, 2776-2792. doi: 10.1105/tpc.107.053678

Zhou, J. L., Lee, C. H., Zhong, R. Q., and Ye, Z. H. (2009). MYB58 and MYB63 are
transcriptional activators of the lignin biosynthetic pathway during secondary
cell wall formation in Arabidopsis. Plant Cell 21, 248-266. doi: 10.1105/tpc.108.
063321

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yu, Liu, Zhang, Gao, Qi and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 606062


https://doi.org/10.1104/pp.110.161281
https://doi.org/10.1111/j.1469-8137.2009.02785.x
https://doi.org/10.1007/s00299-008-0587-9
https://doi.org/10.1046/j.1365-313x.2003.01916.x
https://doi.org/10.1023/B:PLAN.0000019066.07933.d6
https://doi.org/10.1002/j.1460-2075.1987.tb02684.x
https://doi.org/10.1111/j.1365-313X.2004.02280.x
https://doi.org/10.1104/pp.101.1.7
https://doi.org/10.1371/journal.pone.0070146
https://doi.org/10.1111/j.1469-8137.2011.03922.x
https://doi.org/10.1186/s40529-014-0066-2
https://doi.org/10.1105/tpc.10.2.135
https://doi.org/10.1046/j.1365-313x.2003.01938.x
https://doi.org/10.1046/j.1365-313x.2003.01938.x
https://doi.org/10.1016/j.jplph.2007.05.001
https://doi.org/10.1016/j.jplph.2007.05.001
https://doi.org/10.1007/s11105-009-0172-6
https://doi.org/10.1007/s11105-009-0172-6
https://doi.org/10.1371/journal.pone.0087566
https://doi.org/10.1016/j.jplph.2009.09.008
https://doi.org/10.3390/ijms20051171
https://doi.org/10.3390/ijms20051171
https://doi.org/10.1186/s12864-018-5346-x
https://doi.org/10.1105/tpc.010325
https://doi.org/10.1105/tpc.010325
https://doi.org/10.1104/pp.108.132795
https://doi.org/10.1093/jxb/err431
https://doi.org/10.1105/tpc.106.046391
https://doi.org/10.1186/s12870-018-1232-6
https://doi.org/10.3389/fpls.2018.01303
https://doi.org/10.3389/fpls.2018.01303
https://doi.org/10.1016/j.tplants.2010.12.005
https://doi.org/10.1105/tpc.108.061325
https://doi.org/10.1105/tpc.108.061325
https://doi.org/10.1105/tpc.107.053678
https://doi.org/10.1105/tpc.108.063321
https://doi.org/10.1105/tpc.108.063321
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

'.\' frontiers

in Plant Science

ORIGINAL RESEARCH
published: 25 January 2021
doi: 10.3389/fpls.2020.578812

OPEN ACCESS

Edited by:
Sanushka Naidoo,
University of Pretoria, South Africa

Reviewed by:

Bing Yang,

Chengdu Institute of Biology, Chinese
Academy of Sciences, China

Amit K. Jaiswal,

Purdue University, United States

*Correspondence:
Zeyan Wu
wuzeyan0977@126.com

These authors share first authorship

Specialty section:

This article was submitted to
Plant Pathogen Interactions,
a section of the journal
Frontiers in Plant Science

Received: 01 July 2020
Accepted: 21 December 2020
Published: 25 January 2021

Citation:

Zhou L, Li J, Pokhrel GR, Chen J,
Zhao Y, Bai Y, Zhang C, Lin W, Wu Z
and Wu C (2021) nifH Gene
Sequencing Reveals the Effects

of Successive Monoculture on the Soil
Diazotrophic Microbial Community

in Casuarina equisetifolia Plantations.
Front. Plant Sci. 11:578812.

doi: 10.3389/fpls.2020.578812

Check for
updates

nifH Gene Sequencing Reveals the
Effects of Successive Monoculture
on the Soil Diazotrophic Microbial
Community in Casuarina
equisetifolia Plantations

Liuting Zhou't, Jianjuan Li?*, Ganga Raj Pokhrel?, Jun Chen’, Yanlin Zhao', Ying Bai’,
Chen Zhang', Wenxiong Lin', Zeyan Wu'+5* and Chengzhen Wu?

! Fujian Agriculture and Forestry University, Fuzhou, China, ? College of Forestry, Fujian Agriculture and Forestry University,
Fuzhou, China, ® Department of Chemistry, Birendra Multiple Campus, Tribhuvan University, Chitwan, Nepal,

4 Key Laboratory of Crop Ecology and Molecular Physiology, Fujian Agriculture and Forestry University, Fuzhou, China,

5 Fujian Provincial Key Laboratory of Agroecological Processing and Safety Monitoring, School of Life Sciences, Fujian
Agriculture and Forestry University, Fuzhou, China

The growth and productivity of Casuarina equisetifolia is negatively impacted by
planting sickness under long-term monoculture regimes. In this study, lllumina MiSeq
sequencing targeting nifH genes was used to assess variations in the rhizospheric soil
diazotrophic community under long-term monoculture rotations. Principal component
analysis and unweighted pair-group method with arithmetic means (UPGMA) clustering
demonstrated distinct differences in diazotrophic community structure between
uncultivated soil (CK), the first rotation plantation (FCP), the second rotation plantation
(SCP), and the third rotation plantation (TCP). Taxonomic analysis showed that
the phyla Proteobacteria increased while Verrucomicrobia decreased under the
consecutive monoculture (SCP and TCP). The relative abundance of Paraburkholderia,
Rhodopseudomonas, Bradyrhizobium, Geobacter, Pseudodesulfovibrio, and Frankia
increased significantly while Burkholderia, Rubrivivax, and Chlorobaculum declined
significantly at the genus level under consecutive monoculture (SCP and TCP).
Redundancy analysis (RDA) showed that Burkholderia, Rubrivivax, and Chlorobaculum
were positively correlated with total nitrogen and available nitrogen. In conclusion,
continuous C. equisetifolia monoculture could change the structure of diazotrophic
microbes in the rhizosphere, resulting in the imbalance of the diazotrophic bacteria
population, which might be a crucial factor related to replanting disease in this cultivated
tree species.

Keywords: Casuarina equisetifolia, monoculture rotations, nifH gene sequencing, diazotrophic microbial
community, soil
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Diazotrophic Community in Rhizosphere Soil

INTRODUCTION

Casuarina equisetifolia Forst has covers over 300,000 ha in
southeastern China. It is one of the preferred trees for forming
shelterbelts in coastal areas, as it vegetates the coasts and
contributes to stabilizing coastal sand and protecting against
storms (Zhong et al., 2005; Karthikeyan et al., 2013). However,
continuous monocultures of C. equisetifolia result in productivity
decline and regeneration failure. This phenomenon is referred
to as the consecutive monoculture problem (CMP) (Wardle
et al., 2004). Replanting diseases are observed in many cultivated
tree species, including Chinese fir, Pinus elliottii, Picea abies,
and Eucalyptus spp. (Wu et al, 2017). The depletion in soil
nutrients (Bennett et al., 2012), the autointoxication of root
exudations (Araya et al., 2012), and the imbalance of rhizospheric
microflora (Wu et al, 2016a) are thought to be the main
reasons for CMP. Increasing the amount of chemical fertilizer
does not alleviate this problem (Wardle et al., 2004). Root
exudates not only directly inhibit the growth and reproduction
of plants but also restrain rhizosphere microorganisms (Li et al.,
2014; Arafat et al, 2017). Great attention has been paid to
rhizospheric biological processes in recent years. Lu et al. (2017)
indicated that soil microbial community compositions and theirs
structures had distinct variations under Poplar monocultures.
Similar results were found in Chinese fir, Eucalyptus, and
Pinus halepensis (Fernandez et al, 2008; Jie et al, 2014;

Wu et al., 2017).
Biological nitrogen fixation has attracted widespread attention

due to its influential role in the nitrogen cycle. Hsu and
Buckley (2009) investigated the diversity of nitrogen-fixing
genes and their functional microbial communities through high-
throughput MiSeq amplicon sequencing of nifH gene, which
encodes a subunit of the nitrogenase enzyme complex related to
nitrogen fixation efficiency. Penton et al. (2016) amplified nifH
gene sequencing and found that permafrost thawing in Alaskan
soil altered the N-fixing microbial community composition
in soil as the depth of groundwater changed. Wang et al.
(2017) found that long-term inorganic fertilization in acid soil
altered the diazotrophic community structure and decreased the
abundance of operational taxonomic units (OTUs). Biological
nitrogen fixation has been recognized as a crucial source of
nitrogen to support certain primary production (Zehr et al.,
1998). N-fixation by diazotrophs is an important strategy by
which most organisms regulate biological productivity (Li et al.,
2018). Nevertheless, the relationship between the diazotrophic
microbial community and monocultures of C. equisetifolia has
received little attention. On the basis of the above facts, we
hypothesized that diazotrophic microbial community structure
might be altered by C. equisetifolia monocultures (Wu et al.,
2016b; Chen et al., 2017; Zhou et al., 2019).

In this study, quantitative PCR (qPCR) assays and the MiSeq
high-throughput sequencing technique were applied to assess
the shifts in the abundance of nifH gene and diazotrophic
community composition in rhizosphere soil, respectively, after
C. equisetifolia monoculture. Meanwhile, correlation analyses
were used to resolve the relationships between the diazotrophic
microbial community and environmental parameters, including
total nitrogen (TN), total phosphorus (TP), total potassium (TK),

available nitrogen (AN), available phosphorus (AP), available
potassium (AK), and pH. This research will help improve
our understanding of the nitrogen-fixing microbial community
structure in soil under CMP. It will provide effective scientific-
based references on the molecular ecological mechanisms of soil
restoration and improvement.

MATERIALS AND METHODS

Research Plot and Sample Collection

In this study, the plot was located at Chihu National Forest Center
in Fujian Province, China (24°54'N and 118°55'E). Since the
1960s, the Chihu Forestry Farm cultivated a large-scale coastal
windbreak and gradually established a settled coastal shelterbelt
system. The annual mean temperature is 19.8°C (the extreme
high and low temperatures are 35°C and 1°C, respectively),
with a mean annual precipitation of 1,029 mm and a mean
annual evaporation of 2,000 mm. There are three generations of
C. equisetifolia plantation in the forest farm that were planted
in 1987 (first rotation plantation, FCP), 2011 (second rotation
plantation, SCP), and 2014 (third rotation plantation, TCP). Due
to the long growth period of the arbor and field condition, the
method of “space replacing time” is often applied in forestry
research (Shi et al., 2018; Deng et al., 2019).

Three sampling positions (20 m x 20 m) were established at
the FCP, SCP, and TCP on January 6, 2019. At the same time,
a vacant area of soil in the forest farm with no C. equisetifolia
cultivation was selected as a blank control, or CK. Each sampling
position was set with three duplicate quadrats for a total of
12 quadrats. Soil samples were randomly collected from a depth
of 0-20 cm at 12 quadrats. Twenty random replicated samples
were taken from each quadrat. Soil samples from the FCP, SCP,
and TCP were collected from the rhizosphere of C. equisetifolia.
The field samplings were performed according to the method
described by Zhou et al. (2019).

Determination of Soil Nutrients

Soil pH was measured using a glass electrode pH meter (1:2.5
soil-water suspensions) (Zhao et al., 2017). The available and
total amounts of NPK were determined referring to the methods
by Jackson (2005).

DNA Extraction

Soil DNA extractions were completed using a Power Soil DNA
Isolation Kit (MoBio Laboratories, Carlsbad, CA, United States)
following the manufacturer’s specifications. The genomic DNA
was confirmed using 1.2% agarose gels.

qPCR for nifH

Quantitative PCR was performed to quantify the relative
abundance of the nifH gene in four individual rhizospheric
soils with the primers nifH-F (AAAGGYGGWATCGGYAART
CCACCAC) and nifH-R (TTGTTSGCSGCRTACATSGCCAT
CAT) (Zhang et al, 2016). The reaction mixture (15 pl) for
qPCR consisted of 7.5 ul 2 x SYBR green I Super Real Premix
(TTIANGEN, Beijing, China), 10 pM of each primer and 40 ng
template DNA. The amplification conditions were 95°C for 30 s,
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followed by 40 cycles of 95°C for 5's, 60°C for 40 s. The standard
curve equation was Y = —4.083X + 46.196 (R? =0.99).

PCR Amplification and nifH Sequencing
High-throughput sequencing was used to explore the influences
of successive monocultures of C. equisetifolia on rhizospheric soil
diazotrophic microbial communities. For nifH gene sequencing,
the primers nifH-F and nifH-R (the same as above) were
applied to amplify the nifH gene. The PCR amplification was
implemented on a Mastercycler Gradient (Eppendorf, Germany)
with a 25 pl volume, including 12.5 ul 2 x Taq PCR MasterMix,
3 pl BSA (2 ng/ul), 2 pl Primer (5 pM), 2 pl template DNA,
and 5.5 pl ddH,O. Cycling parameters were 95°C for 5 min,
followed by 32 cycles of 95°C for 45 s, 55°C for 50 s, and 72°C
for 45 s with a final extension at 72°C for 10 min. The amplicons
were purified with a QIAquick Gel Extraction Kit (QIAGEN,
Germany), sequenced on the MiSeq PE300 platform at Allwegene
Company, Beijing, China.

Data Analyses

The low-quality (g < 20) and short sequences (<200 bp) were
removed via the Pear (v. 0.9.6). The final length of sequences
was 400-420. The datasets were then analyzed using QIIME
(v. 1.8.0, Caporaso et al., 2010). The qualified sequences were
clustered into OTUs at a 97% identity threshold (Edgar, 2013).
All effective tags were classified into different taxonomic groups
using the Ribosomal Database Project (RDP) classifier (Cole et al.,
2009). Alpha diversity indices were employed to identify the
richness and diversity within samples (Xiong et al., 2015). In
order to make the sequencing depth consistent, the abundances
of OTUs were normalized. Alpha diversity indices were calculated
by R software (v. 2.15.3, Caporaso et al., 2010) based on the
normalized data (21,778 taxa). The principal component analysis
(PCA), clustering analyses, and non-metric multidimensional
scaling (NMDS) were carried out to assess the similarity and
difference between individual samples (Wang et al., 2012). PCA
and NMDS were implemented based on the R with vegan package
(v. 3.0.2, Oksanen et al., 2009; Goossen et al., 2010). To compare
the diazotrophic community compositions and structures in the
rhizosphere, heat maps were applied within the top 20 most
abundant OTUs using Mothur (Jami et al., 2013). Redundancy
analysis (RDA) was performed to establish which environmental
parameters played an important role in the variation of top
12 most abundant OTUs using Canoco 5.0. Statistical analysis
was carried out by DPS 7.05 software, and analysis of variance
(ANOVA) was applied to identify significance difference by LSD’s
test (P < 0.05).

RESULTS

Soil Physicochemical Data

The results of soil nutrient analysis showed that replanting soils
had a lower level of pH under the extended C. equisetifolia
monoculture regime. The TN content was higher in the FCP
than in the SCP (significant, P < 0.05) and TCP (not significant,
P > 0.05). AN was higher in the FCP than in the SCP and TCP
(P > 0.05). In the FCP and SCP, TP was significantly higher than

in the TCP (P < 0.05). No significant differences were observed
in AP, TK, and AK (Supplementary Table 1).

Abundance of the nifH Gene

Figure 1 indicates that the quantity of the nifH gene changed
significantly under monoculture regime (p < 0.05). The number
of copies of the nifH gene was between 0.746 x 10° and
3.647 x 10%g soil, and the highest and lowest numbers were
found in the SCP and CK, respectively. Compared with the CK,
the number of copies in the FCP, SCP, and TCP were increased by
54.4,388.9, and 127.6%, respectively.

OTU Clusters and Species Annotation

After filtration analysis, a sum of 656,599 high-quality tags (clean
tags) was acquired from the CK, FCP, SCP, and TCP, with a
mean of 54,717 effective sequences (Supplementary Table 2).
Rarefaction curves indicated that the number of observed species
was stable over 20,000 tags (Supplementary Figure 1). At the
97% similarity cut-off, effective tags from 12 soil samples were
clustered into 4,610 OTUs. The average OTU numbers in the
CK, FCP, SCP, and TCP were 272, 332, 375, and 559, respectively
(Supplementary Table 2). The raw sequences data was deposited
in NCBI (PRJNA666767).

Alpha Diversity Indices

In this research, the richness and diversity of diazotrophic
microbial communities were obtained according to 21,778 taxa.
Table 1 exhibits the Chaol, Observed species, PD whole tree, and
Shannon index of nitrogen-fixing microbial communities. The
observed number of species was dramatically higher in the TCP
than in the FCP and SCP (p < 0.05). The Shannon index was
significantly higher in the TCP than in the FCP (p < 0.05) and
it was also higher than in the SCP (not significant, p > 0.05). In
the TCP, the soil nitrogen-fixing microbial communities showed
significantly higher Chaol and PD whole tree values than in the
FCP and SCP (p < 0.05) (Table 1).

w
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[38)
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o

nifH gene copies(x10%g dry soil)

C
| I
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FIGURE 1 | Quantification of nifH gene in four different soil samples. Vertical
bars show standard deviations. CK, FCP, SCP, and TCP represent the control
with no C. equisetifolia cultivation, the first rotation plantation, the second
rotation plantation and the third rotation plantation.
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TABLE 1 | Calculations of Alpha diversity indices in CK, FCP, SCP, and TCP.

PD whole tree Shannon

Chao1 Observed species
CK 347.122 4+ 3.529d 268.533 + 9.411¢c
FCP 501.560 + 12.173b 353.267 + 28.163b
SCP 439.649 + 9.178¢c 350.867 + 6.438b
TCP 657.198 £+ 11.229a 558.000 £ 5.667a

96.189 + 4.781a
34.525 + 3.036d
54.372 £+ 1.389¢
66.642 £+ 2.091b

4.711 &+ 0.086ab
4.461 £+ 0.075b
4.738 4 0.098ab
5.192 & 0.406a

Different letters in each column indicate significant differences (P < 0.05 and n = 3).

PCA, UPGMA Clustering, NMDS, and
PERMANOVA

The PCA analysis indicated obvious dissimilarities in the soil
diazotrophic community structures among the four soil samples.
The PCA plot completely accounted for 72.56% of the overall
variation in the soil nitrogen-fixing microbial community.
The PCl1 explained 47.85% and the PC2 explained 24.71%
of the microbial variation (Supplementary Figure 2A). When
observing the unweighted pair-group method with arithmetic
means (UPGMA) clustering, the figure showed that diazotrophic
community structures clustered together from the SCP and TCP,
whereas they were separated from the FCP, and the CK formed a
separate group (Supplementary Figure 2B). The results of PCA
and UPGMA clustering revealed that diazotrophic microbial
community composition is different under monoculture regimes.
Non-metric multidimensional scaling (NMDS) was applied to
illustrate the differences in diazotrophic community composition
and structure (Tibbits, 2008). Pairwise contrasts demonstrated
that the CK, FCP, SCP, and TCP plots were significantly (P < 0.05)
separated (Figure 2). The PERMANOVA analysis showed
significant differences in the composition and distribution of the
diazotrophic microbial community (F = 26.7519 and P = 0.001).

Venn Diagram Analysis

The shared and exclusive OTUs among the FCP, SCP, and TCP
were explored through Venn analysis. Supplementary Figure 3
indicates that the proportion of OTUs shared in the FCP, SCP
and TCP was 30.9% (323 species). The proportion of OTUs found
only in the FCP was 5.4% (57 species). The abundance of OTUs
exclusively constructed in the SCP accounted for up to 13.4% (140
species). The percentage of OTUs constructed only in the TCP
was 23.8% (249 species).

Abundance Change in the Diazotrophic

Microbial Communities

Diazotrophic microbial OTUs consisted mostly of five phyla:
Proteobacteria, Verrucomicrobia, Chlorobi, unidentified, and
Actinobacteria. Among them, Proteobacteria was the dominant
phylum, accounting for 85.7, 65.7, 94.4, and 85.5% of the
total species in the CK, FCP, SCP, and TCP, respectively
(Supplementary Figure 4).

At genus level, the C. equisetifolia monoculture regime
generated a distinct enhancement in the relative abundance
of Paraburkholderia, Rhodopseudomonas, Bradyrhizobium,
Geobacter, Pseudodesulfovibrio, and Frankia and a distinct
reduction in Burkholderia, Rubrivivax, and Chlorobaculum

(Table 2). Compared with the FCP, the genus Desulfovibrio
was slightly higher in the SCP but decreased in the TCP.
The most common diazotrophic microbial communities of
C. equisetifolia are listed in Table 2, including Paraburkholderia,
Bradyrhizobium, Burkholderia, and Frankia.

It can be seen from the heat map analysis of the top 20
diazotrophic genera that distinct variations in diazotrophic
community structure arose with the increase of CMP.
Compared with the FCP, the discrepancy of community
structures of diazotrophic bacteria increased within the extended
monoculture regime, implying that diazotrophic community
structure gradually changed under the CMP (Figure 3).

Linear discriminant analysis effect size (LEfSe) was applied
to identify biomarkers (potential discriminating species in
relative abundance between groups) from metagenome taxa
(Xia et al, 2018). The LEfSe analysis revealed that there
were 30 potential bacterial markers distinguishing the CK,
FCP, SCP, and TCP with linear discriminant analysis (LDA)
scores more than 3. In these tests, one phylum (unidentified),
three classes (Alphaproteobacteria, Gammaproteobacteria, and
unidentified), three orders (Rhizobiales, Chromatiales, and
unidentified), and six families (Bradyrhizobiaceae, Roseiarcaceae,
Xanthobacteraceae,  Alcaligenaceae,  Ectothiorhodospiraceae,
and unidentified) were biomarkers for CK. Two phyla
(Chlorobi and Verrucomicrobia), two classes (Chlorobia and
Opitutae), two orders (Chlorobiales and Opitutales), and four
families (Chlorobiaceae, Methylocystaceae, Opitutaceae, and
unidentified) were significantly different in the FCP. In the SCP,
biomarkers were mostly clustered in Proteobacteria, including
Deltaproteobacteria, Desulfuromonadales, and Geobacteraceae.
In the TCP, biomarkers were Betaproteobacteria, Burkholderiales,
and Burkholderiaceae (Figure 4).

Correlation Analysis Between
Diazotrophic Microbial Communities and

Environmental Parameters

To detect the relationships between diazotrophic microbial
communities and environmental parameters, RDA was
performed based on the top 12 species of the diazotrophic
microbial community and environmental parameters (Figure 5).
The influence of environmental factors on the diazotrophic
microbial community can be seen from the length of the arrow
and the angle between the arrow and the microbe. RDA canonical
axes 1 and 2, respectively, described 58.40 and 33.52% of the
variation in the diazotrophic microbial community, suggesting
a remarkable correlation between microbial communities
and environmental parameters. As shown in Figure 5, the
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FIGURE 2 | Non-metric multidimensional scaling (NMDS) ordination for CK, FCP, SCP, and TCP.
TABLE 2 | Calculations of the top diazotrophic bacteria for four different soil samples at the genus level.
CK FCP SCP TCP
Paraburkholderia 0.50 + 0.33b 6.05 + 1.36b 29.58 + 0.83a 40.18 + 14.09a
Rhodopseudomonas 32.75 + 3.34a 0.25 + 0.04c 5.75 + 1.50b 1.69 + 1.39bc
Bradyrhizobium 8.04 + 3.26b 1.87 £0.41c 21.24 £2.32a 8.21 £ 1.75b
Unidentified 10.23 £+ 2.88b 18.52 £ 2.01a 3.87 £ 0.76¢c 491 +0.74c
Burkholderia 0.34 + 0.49b 20.51 + 3.52a 2.84 £ 0.34b 3.77 £ 0.34b
Geobacter 0.81 £ 0.22¢ 3.46 + 0.77bc 11.64 £+ 2.36a 7.71 £ 2.32ab
Rubrivivax 0.11 £ 0.07b 17.86 £+ 3.07a 2.31 +£0.11b 2.94 + 0.54b
Halorhodospira 16.07 £ 1.42a 0.31 £0.12b 2.27 £ 0.35b 0.96 £ 0.61b
Desulfovibrio 2.39 £+ 1.03c 6.02 + 1.01ab 6.56 + 1.16a 3.22 4+ 1.26bc
Chlorobaculum 0.71 £0.83b 15.07 £ 1.97a 0.82 £ 0.16b 0.61 +0.12b
Pseudodesulfovibrio 2.46 £+ 0.98ab 0.97 £ 0.34b 3.46 £+ 0.85ab 5.89 £+ 2.29a
Frankia 0.154+0.10b 0.38 &+ 0.32b 0.34 + 0.14b 8.70 £ 2.77a

Different letters in each column indicate significant differences (P < 0.05 and n = 3).

Frontiers in Plant Science | www.frontiersin.org

172

January 2021 | Volume 11 | Article 578812


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zhou et al.

Diazotrophic Community in Rhizosphere Soil

ﬁ%ﬁﬂﬁﬁﬁ

c o )
X X X
o o o

FCP1
FCP2

FIGURE 3 | Heat map analysis of the dominant diazotrophic genera in four individual soil samples.
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SCP and TCP were clustered together and distributed at the
negative end of RDA1, away from the CK and FCP, reflecting
the significant shift of the diazotrophic microbial community
under a monoculture regime. The results of RDA were consistent
with the PCA results (Supplementary Figure 2B). In addition,
from the results in Figure 5, it can be seen that Burkholderia,
Rubrivivax and Chlorobaculum were positively correlated with
the environmental parameters of TN, AN and TK, but negatively
correlated with AK. However, the opposite was true for the
Bradyrhizobium which was positively correlated with AK.

DISCUSSION

Consecutive monoculture problem, also known as soil sickness,
has a severe impact on the growth and health of plants. It is a

widespread and complex phenomenon in numerous cultivated
tree species (Huang et al., 2013). Many factors are thought to
contribute to the continuous cropping problem, including the
physical and chemical properties of soil, the accumulation of
allelochemicals, and changes in the soil microbial community
(Wu et al., 2016a; Chen et al., 2018). In this study, we found that
the contents of soil nitrogen (AN and TN) under monoculture
regimes (SCP and TCP) were significantly lower than that in the
FCP (Supplementary Table 1). The results indicated that soil
physical and chemical properties may indirectly affect the healthy
growth of C. equisetifolia through regulating the structure of the
soil microbial community (Berendsen et al., 2012).

Recently, many studies have revealed that shifts in the soil
microbial community are related to this soil sickness (Li et al.,
2014; Liu et al, 2017). Soil microbes play a vital role in the
growth and health of plants. Soil microbes are also known as the
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second genome of plants (Berendsen et al., 2012; Berg etal., 2017).
N-fixing organisms play a profound part in nitrogen cycling in
forest ecosystems (Yousuf et al., 2014). In the present study,
the nifH gene abundance in C. equisetifolia increased with the
extension of monoculture. These results are contradictory to
those of a previous study on a Eucalyptus successive plantation
(Monteiro et al., 2020). Species diversity is a crucial factor for
soil health (Chaparro et al., 2012). Wu et al. (2017) reported that
the rhizosphere microbial diversity in Chinese fir was decreased
after long-term successive rotations. In this study, most of the
diversity indices were significantly lower in the FCP and in the
SCP than TCP (Table 1). The differing results among these
studies may be due to differences in factors including plant types,
soil environments, and root chambers. The number of copies
of the nifH gene increased under monoculture regime, while
diversity indices were increased or decreased with monoculture.
That is the diazotrophic community compositions and structures
were changed under long-term monoculture C. equisetifolia
plantations, indicating that our hypothesis was correct.

In recent years, more attention has been paid to the
relationship between key rhizosphere microbes and plants,

which is central to plant growth and development (Mendes
et al., 2011; Chen et al, 2017). The Proteobacteria phylum
is commonly explored in soil systems (Gaby and Buckley,
2011). In this study, the most predominant phylum present
in the rhizosphere was Proteobacteria. The diazotrophic
bacterial populations in the C. equisetifolia rhizospheric soil
(Supplementary Figure 4) accounted for 85.69, 65.75, 94.40, and
85.54% of the total in the CK, FCP, SCP, and TCP, respectively,
which was in accordance with the results found by Bazylinski
et al. (2013). Taxonomic analysis (genus level) showed that
continuous monoculture of C. equisetifolia increased the
relative abundance of Paraburkholderia, Rhodopseudomonas,
Bradyrhizobium, Geobacter, Pseudodesulfovibrio, and Frankia,
whereas the abundance of Burkholderia, Rubrivivax, and
Chlorobaculum decreased significantly (Table 2). Among these
diazotrophs, compared with the FCP, the relative abundance
of Bradyrhizobium increased by 1,135.83 and 439.04% in
the SCP and TCP, respectively. Bradyrhizobium was the
dominant diazotroph in soil systems due to strong persistence
of diazotrophic bacteria across varying soil environmental
conditions (Pereira et al., 2013). Relative to the FCP, the
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FIGURE 5 | RDA of soil physicochemical properties and predominant nitrogen-fixing microbial communities in four individual soil samples.

abundance of Burkholderia decreased by 722.18 and 544.03%
in the SCP and TCP, respectively. Burkholderia can be used
for biological control through such methods as promoting
plant growth and bio-remediation. It has been reported that
Burkholderia has the ability of nodulation and N-fixation
in certain legume plants including Burkholderia vietnamiensis,
Burkholderia phymatum, and Burkholderia tuberum (Coenye and
Vandamme, 2003). Wu et al. (2016a) reported that monoculture
of Pseudostellaria heterophylla led to a significant decline in the
abundance of Burkholderia. Mendes et al. (2011) showed that the
relative abundances of Burkholderiaceae was positively associated
with disease suppression of sugar beet. Thus, certain species of
diazotrophic bacteria found in this study were inhibited under
C. equisetifolia monocultures (SCP and TCP) that might be key
rhizosphere microbes or plant growth promoters. This issue
should be studied in the future.

Many reports have indicated that soil microbial community
composition was indirectly influenced by environmental
parameters (Li and Wu, 2018; Zhang et al, 2019). In our
study, RDA results showed that key rhizosphere microbes
(Burkholderia, Rubrivivax and Chlorobaculum) were positively
correlated with soil nitrogen (AN and TN). Therefore, based
on their abundance (a significant decrease in SCP and TCP),
soil nitrogen seems to play an important role in C. equisetifolia
monocultures. The decline of Burkholderia, Rubrivivax and
Chlorobaculum may be related to soil nitrogen under continuous
planting. Their abundance may indicate an important role in
plant-microbial interactions and soil function as well as nitrogen
fixation. In addition, Burkholderia is considered a rhizospheric-
plant promoting group (Zhao K. et al., 2014). It could play an
important role in maintaining the stability of soil communities
(Wakelin et al.,, 2017). The results of RDA suggested that the
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diazotrophic microbial community may respond differently
to environmental parameters, but this hypothesis should
be further tested.

A growing number of researchers have reported that the
imbalance of key rhizosphere microflora is considered to be the
main cause of CMP. Zhao J. et al. (2014) revealed that Eucalyptus
monocultures increased the abundance of fungi in rhizospheric
soil. Successive rotations of Cunninghamia lanceolata generated
imbalance in the soil microbial community. Most studies have
reported that this phenomenon of imbalance resulted from
alterations of the rhizospheric microflora induced by plant
root exudations rather than direct allelopathy (Li et al., 2014;
Wu et al, 2015). In this study, the continuous monoculture
of C. equisetifolia shifted the structure of the diazotrophic
population in rhizospheric soils. This shift may result in the
imbalance of diazotrophic bacteria population structure, which
might be a crucial factor in replanting disease of this cultivated
tree species. Many previous studies have shown that root exudates
restructure the plant-associated rhizospheric microbes and these
microbes impact plants (Paterson et al., 2007; Haichar et al., 2008;
Michalet et al., 2013). Therefore, further studies are required to
analyze the effects of the C. equisetifolia root exudates to obtain
precise knowledge of the soil nitrogen-fixing microorganism
community structure.

CONCLUSION

Our result indicates that the continuous monoculture of
C. equisetifolia distinctly influenced the diazotrophic community
compositions and structures in the rhizosphere. The phyla
Proteobacteria increased, whereas Verrucomicrobia decreased
with increasing continuous monoculture. At the genus level,
the relative abundance of Paraburkholderia, Rhodopseudomonas,
Bradyrhizobium, Geobacter, Pseudodesulfovibrio, and Frankia
increased significantly, while Burkholderia, Rubrivivax, and
Chlorobaculum declined significantly. To more efficiently explore
the causes of obstacles to continuous monoculture, the
isolation of specific N-fixing organisms (i.e., Bradyrhizobium
and Burkholderia) and their functions, which may be correlated
with CMP, should be further studied. It is noteworthy that most
specific N-fixing organisms appear to be highly sensitive to
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Gly Betaine Surpasses Melatonin to
Improve Salt Tolerance in Dalbergia
odorifera

El Hadji Malick Cisse, Ling-Feng Miao, Fan Yang*, Jin-Fu Huang, Da-Dong Li and
Juan Zhang
School of Ecological and Environmental Sciences, Center for Eco-Environmental Restoration Engineering of Hainan

Province, Key Laboratory of Agro-Forestry Environmental Processes and Ecological Regulation of Hainan Province, Hainan
University, Haikou, China

Salinity is one of the most serious factors limiting plant growth which can provoke
significant losses in agricultural crop production, particularly in arid and semi-arid areas.
This study aimed to investigate whether melatonin (MT, 0.05 and 0.1 mM), which
has pleiotropic roles, has a better effect than glycine betaine (GB; 10 and 50 mM)
on providing salt tolerance in a woody plant Dalbergia odorifera T. Chen. Also, the
alternative oxidase activity (AOX) in plant subjected to MT or GB under salinity (150
and 250 mM) was evaluated given that the effect of exogenous MT or GB on AOX
has not been reported yet. The results showed that the exogenous application of
GB on the seedlings of D. odorifera increased the plant growth parameters, relative
water content, total of chlorophyll content, and carotenoid content compared with
well-watered and MT treatments. Under severe salinity, the seedlings subjected to
GB showed, a significant enhancement in water use efficiency, transpiration, and net
photosynthetic rate regardless to MT-treated seedlings. The levels of proline and soluble
sugar in the seedlings treated with MT or GB decreased significantly under mild and
severe salinity correlated with those in salt-stressed seedlings. Furthermore, GB-treated
plants exhibited a significant inhibition of malondialdehyde content compared with MT-
treated plants. The concentration of thiols and phenolic compounds were significantly
enhanced in the leaves of seedlings treated with MT compared with those treated with
GB. Under salt stress condition, GB scavenged significantly higher levels of hydrogen
peroxide than MT; while under severe salinity, plants subjected to MT showed better
scavenging ability for hydroxyl radicals compared with GB-treated seedlings. The results
demonstrated also an enhancement of the levels of superoxide dismutase (SOD),
guaiacol peroxidase, and AOX activities in seedlings treated with GB or MT compared
with salt-stressed plants. The catalase activity (CAT) was increased by 0.05 mM MT and
0.1 mM GB under mild salinity. Meanwhile, the AOX activity under severe salinity was
enhanced only by GB 50 mM. The findings of this study suggested that GB-treated
seedlings possessed a better salt tolerance in comparison with MT-treated seedlings.

Keywords: alternative oxidase, glycine betaine, melatonin, redox homeostasis, salt tolerance
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HIGHLIGHTS

- GBand MT protect the homeostasis by decreasing the ROS, EL,
and MDA.

- GB and MT promote the antioxidant activities including AOX.

- GB improves better salt tolerance compared to MT.

INTRODUCTION

Salinity is one of the most threatening abiotic stresses that
can cause significant losses in agricultural crop production.
Salinity can trigger an oxidative stress on plants at the
sub-cellular level by overproduction and accumulation of
reactive oxygen species (ROS), such as hydrogen peroxide
(H203) and hydroxyl free radical (-OH) (Acosta-Motos et al,
2017; Herndndez, 2019). Salt stress deprives plants to access
soil water by increasing the osmotic strength of the soil
solution. It can severely affect plant growth and photosynthetic
apparatus by promoting ion toxicity and oxidative stress
(Volkmar et al., 1998). There have been numerous studies to
investigate the effect of exogenous application of melatonin
(MT) or glycine betaine (GB) in plants under salt stress.
Results showed that both of them can improve salt tolerance
in various plant species. The glycine betaine, also named
osmoprotectant (compatible solute) is belongs to the group
of osmolytes that are present in all living organisms. GB
(quaternary ammonium compound) is one the most well-
known osmoprotectant and confers tolerance to abiotic stress
in different plants (McNeil et al., 1999; Li et al,, 2019). During
abiotic stresses, GB can protect plant cells from oxidative
stress by enhancing the antioxidant system (Demiral and
Tiirkan, 2004; Malekzadeh, 2015). Meanwhile, the melatonin
(N-acetyl-5-methoxytryptamine) plays also a vital role in
plant stress tolerance. MT is an indolic compound derived
from serotonin (5-hydroxytryptamine) and a multi-regulatory
molecule that has many specific functions in plant physiology
(Arnao and Hernandez-Ruiz, 2019). Indeed, MT can improve
homeostasis and photosynthesis and regulates gene expression
in response to salt stress in plants (Szafranska et al., 2016;
Martinez et al, 2018). MT can activate the antioxidant
systems in response to abiotic stresses, including salt stress.
This phenomenon has been demonstrated by different authors
in different species, such as soybean, rice, maize, radish,
cucumber, papaya, and watermelon (Li et al, 2019). In
rapeseed and cucumber, MT can significantly decrease the
concentration of ROS induced by abiotic stress (Li et al., 2018).
Furthermore, the literature review shows that the effect of
salinity on woody plants is omnipresent and becomes disturbing
with global climate change. Plants naturally establish diverse
mechanisms to survive under certain salt concentrations in soil,
which can be resulting in their death or growth inhibition
(Flowers and Yeo, 1989).

Dalbergia odorifera T. Chen, a woody plant also named as
fragrant rosewood, is a semi-deciduous perennial tree widely
distributed in tropical areas, particularly in China. This plant
is endemic to Hainan Island and belongs to the family of

Leguminosae; this plant is threatened by habitat loss and
overexploitation due to timber usage (Liu et al., 2019).

The demand for high-quality seedlings of fragrant rosewood in
southern areas increases for use in forest establishment (Li et al.,
2018). Many studies have investigated the positive effects of M T
and GB on crop plants subjected to diverse abiotic stresses, but
few works were conducted on woody plants. Thus, the overall
goal of this present work was to investigate how D. odorifera
seedlings respond to exogenous GB or MT. Moreover, the fact
that MT might be considered as a phytohormone because of its
structure and functions similar to auxin (IAA), it can improve
the redox homeostasis and has a strong power to regulate plant
growth (Arnao and Herndndez-Ruiz, 2019). Meanwhile, GB
promotes growth and survival of plants counteracting metabolic
dysfunctions caused by stress (Annunziata et al., 2019). Thus, it is
of interest to know which molecule is more effective to provide
salt stress tolerance in plant. Hence, we hypothesized that MT
might improve salt tolerance better than GB. Many studies have
revealed that the alternative oxidase (AOX) gene expression is
enhanced by different environmental stresses, including severe
salinity. Furthermore, AOX is an antioxidant enzyme that has the
same role as guaiacol peroxidase (POD) or superoxide dismutase
(SOD) in regulating the synthesis of ROS, such as superoxide
and H,O,. Considering that exogenous GB and MT increases
the antioxidant enzyme activities in diverse species under abiotic
stresses. In this study, we also hypothesized that the AOX
activity would be enhanced by exogenous GB and MT application
under salt stress.

MATERIALS AND METHODS

Plant Materials and Experimental Design

The layout of the trial was a factorial experiment in a completely
randomized design using two factors and six replicates. The
factors included (i) salinity level (Sodium chloride) (11.0 and
18.3 dS/m), (ii) MT and GB level (MT0.05 and 0.1 mM; GB
10 and 50 mM). The study was carried out in a greenhouse at
Hainan University (20° 03’ 22.80” N, 110° 19’ 10.20” E) during
April-June 2019. Six-month-old native seedlings of D. odorifera
were collected in Ledong County (18° 44’ 52" N, 109° 17" 31”
E), Hainan province. The seedlings were transplanted in pots
and grown under natural light conditions. The pots (10 cm in
height and 12 cm in diameter) were filled with red soil mixed
with 30% of sand. After a month of growth, healthy seedlings with
approximately the same height and size of twig were selected.
Treatments were designed as follows: (1) CK: control, well-
watered conditions; (2) M1: 0.05 mM MT; (3) M1S1: 0.05 mM
MT and 150 mM salt solution; (4) M1S2: 0.05 mM MT and
250 mM salt solution; (5) M2: 0.1 mM MT; (6) M2S1: 0.1 mM MT
and 150 mM salt solution; (7) M2S2: 0.1 mM MT and 250 mM
salt solution; (8) G1: 10 mM GB; (9) G1S1: 10 mM GB and
150 mM salt solution; (10) G1S2: 10 mM GB and 250 mM salt
solution; (11) G2: 50 mM GB; (12) G2S1: 50 mM GB and 150 mM
salt solution; (13) G2S2: 50 mM GB and 250 mM salt solution
(14) S1: 150 mM salt solution; (15) S2: 250 mM salt solution. The
treatments were selected on the basis of the articles published by
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Ye et al. (2016), Kolar et al. (2003), and Wei et al. (2015). GB
and MT solutions were applied first on the substrate (soil) and
then sprayed on the leaves 5 days before the salinity treatment
and every 2 days during the salt treatment (once in the morning).
The seedlings were watered with clean water each day during the
experiment to cope with high temperature and light condition
in the greenhouse. The seedlings under well-watered and salt
stress without MT or GB were sprayed with distilled water. After
25 days of treatment, leaves were harvested and cleaned with
distilled water for physiological and biochemical analyses.

Growth Measurements

The leaf length and area were measured by a portable area
meter LI-3000C (Li-COR, United States). Increments in leaf
number, plant height, and stem diameter were recorded at the
last treatment day. Data were collected from six seedlings in each
treatment, and leaves were harvested and kept at —80°C. Relative
water content, dew point water potential, and electrolyte leakage
were measured on the harvest day.

Photosynthetic Parameter Measurement
Pigments content was determined in leaves by colorimetric
method at absorbance of 663,646, and 470 nm with 80% acetone.
Approximately 0.2 g leaf tissue was ground in 10 mL of 80%
acetone (v/v), then the extract was centrifuged at 4,000 x g at 4°C
for 10 min, and the supernatant was used for spectrophotometer
readings. The concentration of pigments in each sample was
calculated according to the following equations (Lichtenthaler
and Wellburn, 1983):

Chlorophyll a = 12.21A663 — 2.81A646
Chlorophyll b = 20.13A646 — 5.03A663
Carotenoid = (1000A470 — 3.27Chlorophyll a
— 104Chlorophyll b) /229

Net photosynthetic rate (Pn), intercellular carbon dioxide
(Ci), stomatal conductance (Gs), transpiration rate (Trr), and
water use efficiency (Wue) were measured with a TP-3051D
photosynthetic apparatus (Zhejiang Top Instrument Co., Ltd.).
Measurements were conducted on six seedlings (three leaves each
seedling) in each treatment at 10:00-12:00 am according to Yang
et al. (2010).

Determination of Osmolytes, Thiols,
Phenols, and Proteins

Proline quantification was conducted by colorimetric method
described by Bates et al. (1973) with some modifications.
Sample of 500 mg leaves was grounded into liquid nitrogen
and homogenized in 10 mL of 3% aqueous sulfosalicylic acid.
About 2 mL of the filtered homogenate was mixed with acid-
acetic ninhydrin reagent, and added to 2 mL of glacial acetic acid
then incubated at 100°C for 1 h. The reaction was stopped by
cooling the samples on ice. The chromophore-containing phase
was extracted with 4 mL of toluene and the absorbance was
measured at 520 nm. The proline concentration was determined
using a standard curve.

Total soluble sugar content was determined by anthrone
method (0.2% anthrone) according to Yemm and Willis (1954).
About 2 mL of the reagent was added to 1 mL of the sample.
Absorbance was read at 630 nm and a standard graph was used to
calculate the concentration of soluble sugar in each sample.

Thiols react with 5, 5'-dithiobis (2-nitrobenzoic acid) DTNB
to form 2-nitro-5-thiobenzoic acid (TNB), which turns yellow in
alkaline medium and absorbs at 412 nm (Ellman, 1959).

A standard curve was used to determine the concentration of
thiols. In brief, 0.5 M aqueous Tris solution (250 mL), DTNB
aqueous solution (DTNB 10 mM; EDTA 20 mM for 25 mL), and
3% sulfosalicylic acid solution were prepared, and glutathione
reduced aqueous solution 1 mM (50 mL) was prepared for the
standard curve. About 1 mL of the standard solution or sample
reacted with 50 wL of DTNB and the added with 1 mL of 0.5 M
Tris. Absorbance was read at 412 nm after 30 min.

The total of phenol content was estimated according to the
method of Swain and Hillis (1959), which was based on the
Folin-Ciocalteu reagent. The oxidation of phenols reduces this
reagent to a mixture of blue tungsten and molybdenum oxides.
The intensity of the color is proportional to the rate of oxidized
phenolic compounds. Leaves were crushed in 80% ethanol (v/v)
and stirred hot (80°C) for 30 min. Ethanol was evaporated, and
the residue was dissolved in 20 mL of distilled water. About 1 mL
aliquot of the sample was added with 7.5 mL of distilled water
and 0.5 mL of Folin’s reagent and stirred vigorously. After 3 min,
1 mL of saturated Na, COj3 solution (40%) was added to the tube.
After 1 h, absorbance was read at 725 nm, and the quantity
of phenols was determined according to the following formula:
A725 x V/Fw (V, volume; Fw, fresh weight).

Soluble protein content was determined by Bradford method;
the reagent was prepared with 100 mg of Coomassie Brilliant
Blue G-250 diluted in 50 mL of ethanol and 100 mL of 85%
phosphoric acid was added. The final solution was completed
with distilled water up to 1,000 mL and the reagent was filtered
through Whatman filter paper. About 100 mg leaf samples were
homogenized in 2 mL of phosphate buffer (pH 7.8). An aliquot
of volume v (L) was mixed with 1 mL of the reagent and
absorbance was read at 595 nm.

Measurement of Malondialdehyde and

ROS Accumulation
Malondialdehyde (MDA) was quantified by colorimetric method
using 200 pL of samples with 800 pL of 20% (w/v) TCA
containing 0.5% (w/v) 2-thiobarbituric acid in accordance with
the method of Yang et al. (2010) with some modifications. About
200 mg of sample was homogenized in 5.0 mL of 5% (w/v) TCA
and centrifuged at 12,000 x g for 10 min. About 4 mL of 20%
trichloroacetic acid (TCA), containing 0.5% thiobarbituric acid
(TBA), was mixed with 1 mL of the supernatant, incubated at
95°C for 30 min, cooled on ice, centrifuged at 8,000 x g for
15 min, and absorbance was read at 532 nm. Then absorbance was
read at 532 nm and corrected by subtracting the value obtained
at 600 nm (non-specific absorbance).

H,0, was quantified according to the method of Yang et al.
(2010). Approximately 200 mg of fresh leaves were grounded
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and homogenized in 0.1% trichloroacetic acid then centrifuged
at 6,000 x g for 15 min at 4°C. A volume of supernatant
was incubated in the presence of potassium iodide added to
10 mM buffer solution. Absorbance was read at 390 nm, and the
concentration of H,O,was estimated via a standard curve.

The concentration of -OH was estimated with a colorimetric
Hydroxyl Free Radical Scavenging Capacity Assay Kit (Nanjing
Jiancheng Bioengineering Institute, China) based on the Fenton
reaction, which is the most common chemical reaction that
can produce -OH. Approximately 100 mg of grounded leaf
was mixed with 2 mL of potassium phosphate buffer (pH 7.8)
and centrifuged at 8,000 x g for 10 min. Absorbance was
recorded at 550 nm, and phosphate buffer solution was used as
extraction solution.

Determination of Antioxidant Enzyme
Activities

In brief, 1 g of fresh leaves were washed with distilled water,
weighed and triturated in a mortar at 4°C by using 10 mL of 0.1
M phosphate buffer solution (pH 7.0) containing 0.1 mM EDTA,
0.1 mM ascorbate, and 1% polyvinylpolypyrrolidone (PVPP).
The extract was centrifuged for 15 min at 12,000 x g and 4°C
and used to assay the enzymatic activity of POD.

Peroxidase activity was measured following the method
described by Fielding and Hall (1978) based on monitoring
of guaiacol peroxidase scavenging activity by using guaiacol as
hydrogen donor. The increase in absorption caused by guaiacol
oxidation by H,O, was measured at 470 nm. The reaction
mixture contained 10 mM H;0O;, 50 mM phosphate buffer, and
9 mM guaiacol in a total final volume of 3 mL with the sample.

Catalase activity (CAT) was measured by the procedure
described by Aebi (1984). CAT activity was determined by
colorimetric assay at 240 nm by measuring the decomposition
of H,O;. The reaction mixture contained 100 mM phosphate
buffer (pH 7.0), 30 mM H,0O;, and 100 pL of crude extract in a
total volume of 3.0 mL, CAT activity was measured and recorded
by a decrease in absorbance until 0.5-3 min. CAT activity was
calculated using a standard curve.

Ascorbate peroxidase (APX) and SOD were determined in
accordance with the manufacturer’s instructions and as described
Yang et al. (2010, 2015). Fresh samples were weighed, then
minced to small pieces in liquid nitrogen and homogenized with
PBS (10 mg tissue to 100 L PBS). After that, the particulates were
removed by centrifugation (10,000 x g for 30 min at 4°C) and the
assay was immediately performed with the aliquot and the rest of
the samples were stored at —20°C. The supernatant was used for
SOD and APX analysis by APX test kit and SOD assay kit based
on hydroxylamine method (Nanjing Jiancheng Bioengineering
Institute, China).

Alternative oxidase activity was evaluated using ELISA KIT
(JL22749 Plant AOX ELISA KIT; 48T/96T). As one of the
terminal oxidases of plant mitochondrial electron transport
chain, AOX plays an important role in counterattacking salt
stress. The reaction us