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Abstract

- Key message Late-embryogenesis-abundant proteins (LEA) typically accumulate to high levels during seed dehydration
and have an important role in the plant response to abiotic stresses. Transgenic hybrid poplars of 9-year-old 7aLEA lines
showed adaptation to drought and saline—alkali conditions. The exogenous gene was expressed normally, and the T-DNA
insertion sites were identified on different chromosomes.

« Context Improving the survival rate of afforested species is essential for forest production in saline—alkali areas. Transgenic
hybrid poplars could provide potential genetic materials for adaptation to semi-arid areas.

« Aims We investigated the growth stability and adaptability of 9-year-old TaLEA transgenic lines of Populus simonii X nigra, as
well as the position of T-DNA insertion and the stability of exogenous genes.

« Methods Transgenic poplar field trials were carried out using a multi-site joint analysis. Molecular characteristics and the T-
DNA insertion sites were identified by genome resequencing.

* Results The XL-9, XL-7, and XL-13 preferred lines consistently showed the highest and most stable growth across three testing
sites. The exogenous gene was integrated into the genome chromosome and was expressed normally in the XL-1, XL-7, and XL-
9 lines after 9 years.

« Conclusion XL-9, XL-7, and XL-13 are the preferred lines for subsequent production tests. Transgenic hybrid poplar lines can
be selected for adaptability 2 years after field experiments. The results of this study will provide further guidance for testing of
transgenic trees for future forest production.
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1 Introduction

Late-embryogenesis-abundant (LEA) proteins are widely
expressed in higher plants, and typically accumulate to high
levels during seed dehydration at the last stage of embryogen-
esis in plant seeds. LEA proteins have strong hydrophilicity
and a relevant role in the plant response to abiotic stresses such
as low temperature, osmotic stress, and exogenous abscisic
acid (ABA) (Manfte et al. 2006; Zegzouti et al. 1997). It has
been proven that the number of LEA proteins are increased
under abiotic stress as a mechanism to improve the stress
resistance of plants by maintaining the osmotic pressure of
cells, protecting the cell membrane system and other biologi-
cal macromolecules from destruction (Liang et al. 2004; Lu
et al. 2013; Wang and Hua 2018; Wang et al. 2015). It was
found that a large amount of LEA protein accumulated in
LEA transgenic rice (Oryza sativa L.), wheat (Triticum
aestivum L.), and tobacco (Nicotiana tabacum L.), which
showed resistance to drought, low temperature, and saline—
alkali conditions under stress (Sivamani et al. 2000; Wang
et al. 2006; Xu et al. 1996).

Populus simonii x nigra is a hybrid of Populus simonii and
Populus nigra. It is an important afforestation and ornamental
tree species in Northeast China. In order to improve the sur-
vival rate of afforested species in saline—alkali and arid areas,
our team previously introduced TaLEA from Tamarix
(Tamarix androssowii) to transgenic plants of P. simonii x
nigra. Overexpression of TaLEA at the seedling stage showed
that the 11 transgenic lines were resistant to abiotic stress to
varying degrees. Intermediate common garden plantations
were established at six sites in mild saline—alkali land and
semi-arid areas. The tree height and diameter at breast height
(DBH) were recorded for 2-year-old plants. XL1, XL9, and
XL14 lines were selected based on their genetic stability using
the Tai model (Tai 1971). All three lines showed fast growth
and strong stability at the six experimental sites. They were the
best-growing lines in the early stage of afforestation (Li et al.
2013). The genetic stability of the ten 3-year-old transgenic
lines in four afforestation test sites was analyzed by combining
with 1-year-old growth data, and the XL-1 was thus selected
as a fast-growing and resistant line (Liu et al., 2015).
However, due to a strong genotype x environment X year
interaction, early-age results of these salt-tolerant 7aLEA

transgenic P. simonii x nigra lines needed to be further veri-
fied as the growing transgenic trees reached the age of 10
years. It was found that the foreign genes of most transgenic
plants could be inherited and stably expressed after transplan-
tation in the field (He et al. 2008; Liu et al. 2014; Srivastava
and Vasil 1996; Wang et al. 2013, 2004). However, there was
also a phenomenon of the silencing or inactivation of foreign
genes in transgenic plants. For example, transgenic Petunia
(Petunia hybrid) was transferred to the field, and transgenic
inactivated plants were found (Meyer and Heidmann 1994). In
addition, the phenomenon of foreign gene silencing was ob-
served in caffeic acid O-methyltransferase (COMT) transgen-
ic poplar (Populus tremula x Populus alba) (Jouanin et al.
2000). It has been nearly 10 years since the establishment of
the TaLEA transgenic poplars pilot forest by our research
team. We hypothesized that the exogenous TaLEA gene was
stably expressed and transgenic lines could be selected at early
growing stage for adaption to saline—alkali areas. Therefore, in
this study, we evaluated the growth adaptability of the 9-year-
old TaLEA transgenic P. simonii X nigra lines, as well as the
stability and molecular characteristics of the foreign genes.

2 Materials and methods
2.1 Materials and experimental design

Ten TaLEA transgenic P. simonii % nigra lines (nos. XL-1,
XL-3, XL-4, XL-5, XL-6, XL-7, XL-9, XL-10, XL-13, XL-
14) and one wild-type (WT) line were used in this study. Field
trials were established in 2009 at three field sites in China: (1)
Cuohai Forestry Center, Longjiang County; (2) Daqing City,
Heilongjiang Province; and (3) Lanxi County, Suihua City
(Table 1). The fields were planted using a randomized com-
plete block design: a total of 1100 trees (11 lines x 20 trees per
plot x 5 replications) with a double row arrangement 2 m x

2 m in Daqing City and Lanxi County, and 990 trees (11

lines x 18 trees per plot x 5 repetitions) with row spacing of
2 m % 3.3 m in the Cuohai Forestry Center. A measurement of
tree height and DBH was recorded in autumn 2017. In the
Cuohai Forestry Center, 10-20 cuttings per line were collect-
ed and propagated in a greenhouse, under natural light, with a
temperature of 28 + 2° C during the day and 20 + 2 °C at night

Table 1 Geographical and

climatic conditions of the test sites Test Longitude Latitude  Altitude  Annual average Annual Soil type pH
site (m) temperature (°C) precipitation
(mm)
Cuohai  124°25'E 47°55’'N 340 34 450.0 Dark brown 6.8
forest soil
Daqing 124°25'E 45°51’'N 146 42 427.5 Chestnut soil ~ 8.4
Lanxi 125°54’E  46°25°N 170 2.4 504.0 Chernozem 7.4
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for 2 months. The cutting medium was peat soil mixed with
vermiculite at a 1:1 ratio. The displayed leaves of rooted cut-
tings were collected for subsequent identification of the T-
DNA insertion sites of the transgenic lines. The leaves from
the common garden plantation were collected for subsequent
molecular detection of the transgenic lines.

2.2 Molecular detection and T-DNA insertion site
identification of transgenic lines

2.2.1 Molecular detection of transgenic lines

Total DNA was extracted from the leaves of the tested lines
using the DNAquick Plant System (TIANGEN BIOTECH
(BEIJING) CO., LTD.). A pair of primers based on the
TaLEA gene open reading frame (ORF) (forward primer,
5’ATGGCTCGCTGCTCTTACTCTAATG-3"; and reverse
primer, 5> TCAGTGAGAGGATCGATTGAACTTG 3’)
were used to confirm the presence of the TaLEA gene
transgenes in the genome of the transgenic plants. The poly-
merase chain reaction (PCR) was performed in 20 pl volume
consisting of 1.1x T3 Super PCR Mix (PCR premixed solu-
tion with concentration of 1.1x, containing DNA polymerase,
produced by TsingKe Biological Technology), 50 pmol of
each primer, 7 pl deionized water, and 20 ng genome DNA
template. The PCR program was run at 94 °C for 3 min for
pre-denaturing, followed by 30 cycles of 94 °C for 1 min,
58 °C for 1 min, and 72 °C for 2 min, with a final extension
at 72 °C for 7 min. Amplified DNA fragments were electro-
phoresed on 1% agarose gel and visualized under UV light.

RNA was extracted from the leaf tissue of the transgenic
lines (XL-1, XL-7, XL-9) and WT lines using the Universal
Plant Total RNA Extraction Kit (spin-column) (BioTek
Corporation). Reverse transcription was performed with the
ReverTra Ace® gPCR RT Kit (TOYOBO CO., LTD.). The
reverse transcription system proceeded as follows: RNA was
immediately placed on ice after denaturation at 65 °C, and
1 pg iced RNA was added to 4 ul of 4x DN Master Mix
(premixed solution with concentration of 4%, containing
RNase inhibitor and reaction buffer), which was mixed with
gDNA Remover. The volume of deionized water was supple-
mented to 16 pl, and a reaction was performed at 37 °C for
5 min. Then, 4 ul of 5% RT Master Mix II (premixed solution
with concentration of 5%, containing reverse transcriptase,
Random Primer, Oligo dT Primer, reaction buffer, and
dNTPs) was added, and the reaction procedure was performed
as follows: 37 °C for 15 min, followed by 5 min at 50 °C,
5 min at 98 °C, and 4 °C for heat preservation. Reverse tran-
scription products were used as RT-PCR templates, and the
primers, amplification systems, and procedures used for RT-
PCR amplification were the same as those for the
abovementioned PCR detection.

18S was chosen as a reference gene for quantitative real-
time PCR (qQRT-PCR). qRT-PCR was performed on an ABI
7500 real-time PCR detection system using SYBR Green
Real-time PCR Master Mix Plus (TOYOBO, Osaka, Japan).
According to the results, the cDNA concentration was adjust-
ed to be consistent. PCR was performed again using cDNA as
template, and the number of cycles was changed to 26. The
products were electrophoresed on 2% agarose gel, after which
the agarose gel was placed into the automatic digital gel image
analysis system (Tanon 2500R), and the concentration was
read using Tanon Gis software.

2.2.2 Identification of T-DNA insertion sites in transgenic lines

The identification of the T-DNA insertion sites was performed
according to a previously published study (Gang et al. 2019a).
Fresh young leaves of the transgenic lines XL-1, XL-7, and
XL-9 were extracted and sent to Annoroad Gene for genome
resequencing. Each sample produced no less than 95% of
2.5 Gb clean data, and the total sequencing amount was no
less than 7.5 Gb of clean data. The genome resequencing data
of at least 50X were obtained by the Illumina sequencing
platform. The sequencing results were compared with the
plasmid vector sequences by BWA (Burrows-Wheeler
Alignment), and the reads and pairs containing vector se-
quences were extracted by SAM (Sequence Alignment/Map)
tools. The reads were further compared with the reference
genome of Populus trichocarpa by BWA and BLAST
(Basic Local Alignment Search Tool), and the specific inser-
tion sites were obtained according to the genomic annotation
information for Populus trichocarpa (https://phytozome.jgi.
doe.gov/pz/portal.html).

According to the results of the genome resequencing of the
XL-1, XL-7, and XL-9 lines, primers were designed based on
the flanking sequences of T-DNA insertion sites in the ge-
nomes of each line (Wang et al. 2021). The forward primers
were designed according to the vector sequence, and the re-
verse primers were designed according to the genome se-
quences of P. simonii x nigra near the insertion sites. Six pairs
of primers were designed for the XL-1 line. One pair of
primers was designed for the XL-7 line, and one pair of
primers was designed for the XL-9 line (Table 2). Primers
were synthesized by General Biosystems (Anhui) Co., Ltd.
PCR amplification product sequencing was completed by
TsingKe Biological Technology (Harbin) Co., Ltd.

2.3 Statistical analysis
2.3.1 Analysis of variance
Data were analyzed for three test sites combined using analy-

sis of variance (ANOVA) according to the following linear
model in Eq. 1:
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Table 2 Primers used in this

study Primer Primer sequence(5'—3') Expected amplification Detected
name length(bp) lines
XL-1 F: AGCTATGCAATCCCAACAACA 737 bp XL-1
Chr01 R: TCGCAAGACCCTTCCTCTATA
XL-1 F:GCCAAATGTTTGAACGATCGG 751 bp
Chr03 R:CTTGAAAGTTTTTGCCATTCCCT
XL-1 F:GAAGAATTCCATAGCCTCGACA 608 bp
Chr05 R:GGAACAACACTCAACCCTATCTC
XL-1 F:ATGGATTTGGGTACGGTGAAG 729 bp
Chr09 R:GTCATAGCCGAATAGCCTCTC
XL-1 F:TGGAGATATCACATCAATCC 756 bp
Chrl4 ACTTG
R:ACGCGCATAGCTAGTCTTTATTC
XL-1 F:ATCTCCAGGAAATCAAATAC 744 bp
Chrl6 CTTCC
R:CTTTCGTAGATCAGTTGCCTCAT
XL-7 F:TTGCTGGTCTTGTTCTGTTCA 723 bp XL-7
Chr09 R:AATTTAGTGCTTTACGGCACCT
XL-9 F:CGGTTAAGAATTGAATTTCA 643 bp XL-9
Chr05 TAAT
R:GTTACTAGATCGGGAATTCA
CTGG
v { where Yij is the performance of line i within site j and block
ik = 1+ o+ B+ (xB)y + ek (1) k, ptis the overall mean, g; is the genetic effect of line i, |; is the

where Y is the performance of line 1 within site j, w is the
overall mean, «; is the line effect, 3; is the site effect, (x3);; is
the random effect of line i within site j, and & is the random
error. Microsoft Excel was used for data processing, and SPSS
(Statistical Product and Service Solutions) version 19.0 soft-
ware was used for variance analysis and multiple
comparisons.

Variation among lines within each site was analyzed by
ANOVA according to the linear model in Eq. 2:

Xik = p+ o4+ B + (O‘B)ij + Eijk (2)

where Xy is the performance of line i within block j, p is the
overall mean, «; is the line effect, 3; is the block effect, (3);;
is the random effect of line i within block j, and &;j is the
random error.

2.3.2 Stability analysis

Stability analysis was carried out with DPS (Data Processing
System) software, and the effect value was calculated. The Tai
model (Eq. 3) was used in the stability analysis model:

Yij = 1+ g +1j + (g); + bix + &ik (3)

2 s INRA

environmental effect of site j, (gl);; is the random effect of line
i within site j, by, is the random effect of block k within site j,
and &y is the random error.

2.3.3 Genetic parameter analysis

The coefficient of phenotypic variation (PCV) was calculated
using Eq. 4:

PCV = SD/X*100% (4)

where "X and SD are the phenotypic mean and standard de-
viation of the trait, respectively.
Repeatability (H2) was calculated using Eq. 5:

H2 = 1-1/F (5)

where F is the F value in the analysis of variance.
The genetic gain was calculated using Eq. 6:

G(%) = R*S/X*100% (6)

where R is the trait repeatability, S is the difference in the
phenotypic mean between the preferred lines and test lines,
and *X is the phenotypic mean.
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3 Results

3.1 The variation in transgenic lines in three field
trials

Table 3 describes the results of the joint ANOVA of the test lines
across three field trials. The site and line effects were significant-
ly different for tree height and DBH (P <0.01). There was a
significant interaction between the lines and the sites for DBH
(P <0.05). Significant differences were also found for either the
same transgenic line growing at different sites or different lines
growing in the same site. In addition, the interaction between
line and site was not significant for tree height (P> 0.05), and
the interaction between line and site was significant for DBH
(P <0.05). The effect of interaction between genotype and en-
vironment on DBH was greater than that on tree height.

The differences in tree height and DBH among the lines were
highly significant (P <0. 01, Table 4). Among the three test
sites, the tested lines grew best at the Daqing test site, and the
average tree height and DBH were 8.07 m and 9.35 cm, respec-
tively. Compared with the other two experimental sites, the co-
efficients of variation of tree height and DBH were the highest at
Dagqing, 22.8 and 28.0, respectively, while the coefficient of
variation of growth at the Lanxi test site was lowest (Table 4).
The lowest repeatability of height and DBH in the three test sites
was 0.66. The repeatability of height and DBH in Cuohai and
Dagqing was between 0.78 and 0.94. The high repeatability indi-
cated that growth traits were controlled by genetic factors.

3.2 Comparison of growth traits and preservation rate
of test lines

The multiple comparisons of growth traits of the tested lines at
the three test sites are presented in Figs. 1, 2, and 3. Because

the geographical climate environment and soil pH of the three
experimental sites were different, the growth performance for
the same tested lines were different among the sites. Using the
average volume of the tested lines and 0.5 times the standard
deviation as the selection criteria, several preferred lines were
identified. The results showed that XL-1 and XL-9 lines were
selected at Cuohai. The two selected lines exceeded the pop-
ulation average of 12.4% and 7.59% for height, 15.2% and
17.4% for DBH, and 40.6% and 39.9% for volume, respec-
tively. The afforestation preservation rate of the two selected
lines was higher than 74.0% and the death rate was less than
26.0% (Table 5), and the genetic gains in the volume were
37.0% and 36.3%, respectively. The transgenic line selected at
the Dagqing test site was XL-1, whose tree height, DBH, and
volume were 25.6%, 13.1%, and 59.5% higher, respectively,
than the population mean, and the genetic gain was 51.7%.
Because the afforestation site is alkaline soil, and the terrain is
uneven, most of the lines planted in low-lying land did not
survive, so the preservation rate of XL-1 was only 43.0%. XL-
14 was selected at Lanxi; its tree height, DBH, and volume
were 3.82%, 14.1%, and 31.9% higher, respectively, than
those of the population; its preservation rate was 54.0%, and
the genetic gain in volume was 25.9%.

3.3 Analysis of growth adaptability of tested lines

The interaction between line and site for DBH was significant-
ly different (Table 3). This indicated that the DBH of trans-
genic lines varied due to the environmental conditions of the
site (Fig. 2). Therefore, the Tai model analysis of the tested
lines was carried out using DBH data (Table 6). The predic-
tion interval of ;=0 and the confidence interval of Ay>1
were calculated according to DPS software (Fig. 4). Among
the 11 lines tested, all the lines except XL-5 were in the

Table 3 Joint analysis of variance
of the test lines

Growth traits Source of variation DF SS MS F P

Height (m) Block in site 12 64.2 535 7.07 < 0.001
Site 2 83.3 41.7 55.0 <0.001
Line 10 29.9 2.99 3.95 <0.001
Line x Site 20 23.8 1.19 1.57 0.0732
Error 109 82.5 0.757
Total 153 284

Diameter at breast height (cm) Block in site 12 68.8 5.73 3.92 < 0.001
Site 2 24.1 12.1 8.25 < 0.001
Line 10 63.1 6.31 432 < 0.001
Line x Site 20 59.2 2.96 2.03 0.0112
Error 109 159 1.46
Total 153 374

DF = degrees of freedom, SS = sum of squares, MS = mean square, /= statistic value of the F'test ("= MS/MSE),
MSE = mean square of error), P value < 0.01 = highly significant difference; 0.01 < P value < 0.05 = significant
difference; P value > 0.05 = nonsignificant difference
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Table 4 Genetic parameters of

the growth traits of the test lines at Growth Test Standard ~ F P Generic parameter
different sites traits sites deviation
Mean  Amplitude  Coefficient  Repeatability
of variation  of variation  (H?)
(%)

Height Cuohai  1.05 9.64 <0.01 633 3.5-9.7 16.6 0.90
(m) Daging  1.84 171 <001 807  50-13.8 228 0.94
Lanxi 1.23 291 <001 7.67 4.6-11.2 16.0 0.66
Diameter Cuohai 237 12.4 <0.01  9.09 3.2-16.6 26.1 0.92
Et l?rﬁast Daging  2.62 457 <001 935  5.1-19.0 28.0 0.78
(o " Laxi 182 688 <001 854 38149 213 0.85

average stability range; that is, 10 lines (except XL-5) had
average stability, and the growth stability and adaptability
were good at the three test sites. However, XL-5 was in the
range of Ag> 1, which indicates that the reliability of
predicting the environmental sensitivity of XL-5 with the o;
value is poor, and the growth performance of DBH at the
tested site was unstable.

3.4 Comprehensive evaluation of transgenic lines

Based on the analysis of the Tai model, the interactive effect
values of DBH growth at each test point were estimated, and
the growth adaptation of the tested lines was further evaluated
(Table 7). The results showed that the XL-7, XL.-9, and XL-13
lines had higher adaptability than other lines at the three field
trials, indicating that the three lines had strong adaptability.
The transgenic lines with good growth at only one experimen-
tal site were XL-1 and XL-14; that is, XL-1 grew well at
Cuohai, and XL-14 grew well at Lanxi.

3.5 Molecular detection of transgenic lines

The results showed that the 10 transgenic lines had specific
amplification bands at the expected 309 base pairs (bp). This
confirmed that the exogenous 7aLFA gene was in the genome
of the transgenic P. simonii % nigra, and expressed normally
in the selected XL-1, XL-7, and XL-9 lines using semi-
quantitative PCR (Fig. 5).

3.6 Analysis and verification of T-DNA insertion sites

The results showed that six T-DNA insertion sites were detected
in the XL-1 transgenic line (Table 8), including Chr01 2,759,251
(IS1), Chr03 11,710,668 (IS2), Chr05 10,599,509 (IS3), Chr09
7,653,220 (IS4), Chrl4 14,552,526 bp (IS5), and Chrl6
9,294,838 (IS6). One T-DNA insertion site was detected in the
XL-7 transgenic line, which was Chr09 5,030,092 (IS-XL-7).
Another T-DNA insertion site was detected in the XL-9 trans-
genic line, which was Chr05 6,685,809 (IS-XL-9) (Table 7).
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In order to validate the T-DNA insertion sites of the XL-1,
XL-7, and XL-9 lines, the above lines were amplified by PCR
with specific primers (Table 2). The results showed that spe-
cific bands were obtained in XL-1 lines with XL-1 ChrO1,
XL-1 Chr05, and XL-1 Chr09 primers. The length of each
amplified band was consistent with expectations, indicating
that XL-1 had a T-DNA insertion on Chr01, Chr05, and
Chr09.

The specific bands were amplified by XL-7 Chr09 primers
in XL-7 and XL-9 Chr05 primers in XL-9 (Fig. 6), and the
PCR product sequencing comparison showed that XL-7 had
T-DNA insertion on Chr09 and XL-9 had T-DNA insertion on
Chr05.
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4 Discussion
4.1 Selection of transgenic lines

Generally, the insertion of T-DNA in transgenic plants is ran-
dom, and the number of foreign gene insertion sites is also
different. Foreign genes may show gene silencing after inser-
tion, and some may cause mutations or deletions of functional
genes at the insertion sites (Gang et al. 2019b; Li et al. 2017,
Shin et al. 2016). This results in different levels of tolerance of
transgenic lines to stress. Therefore, it is often necessary to
choose several generations or many years. Only the transgenic
lines whose growth and yield are not affected can be used as a
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Table 5 Survival rate of the

tested lines at the three test sites EeSt Cuohai Daqing Lanxi
ine

Survival rate  Mortality rate  Survival rate ~ Mortality rate  Survival rate ~ Mortality rate

(%) (%) (%) (%) (%) (%)
XL-1 77.8 222 43.0 57.0 63.0 37.0
XL-3 46.7 533 49.0 51.0 29.0 71.0
XL-4 68.9 31.1 54.0 46.0 63.0 37.0
XL-5 56.7 433 46.0 54.0 14.0 86.0
XL-6 61.1 38.9 39.0 61.0 65.0 35.0
XL-7 57.8 422 53.0 47.0 59.0 41.0
XL-9 74.4 25.6 64.0 36.0 68.0 32.0
XL-10  46.7 533 54.0 46.0 49.0 51.0
XL-13 722 27.8 43.0 57.0 66.0 34.0
XL-14  71.1 28.9 32.0 68.0 54.0 46.0
WT 76.7 233 53.0 47.0 62.0 38.0

new transgenic variety for commercial production. For exam-
ple, among the 13 transgenic lines obtained by betA transgenic
P. simonii x nigra, four lines grew slowly and showed dwarf-
ism; NaCl stress treatment was then carried out on nine trans-
formed lines with normal phenotypes, and four preferred lines
with high salt tolerance were obtained (Liu et al. 2006). These
transgenic lines were used to construct the intermediate test
forest for the mild saline-alkali land. T1, T6, and T8 lines
were selected as preferred salt-tolerant lines at age 5 years
(Mu et al. 2009). Under NaCl and NaHCOj stress, SL2 with
the strongest salt and alkali tolerance was selected from six
lines of transgenic Populus davidiana % P. bolleana trans-
formed with the 7aLEA gene (Sun 2014). In another example,
Shuang et al. conducted drought and NaCl stress treatment on
seedlings transplanted for 1 month after obtaining 7aLEA
transgenic poplar, and selected T11 (XL-11) as the strongest

Table 6 Parameters of the DBH growth stability of the test lines. The
linear response to environmental effects is represented by «; the deviation
of linear response is represented by A

Test line Mean of DBH (cm) x A
XL-1 9.61 0.743 1.16
XL-3 8.55 0.503 2.67
XL-4 8.23 0.109 0.264
XL-5 8.26 0.796 5.57
XL-6 8.18 —-0.955 0.372
XL-7 9.27 —0.682 0.407
XL-9 9.59 0.165 1.07
XL-10 8.25 0.413 0.439
XL-13 9.12 —-0.437 1.17
XL-14 9.12 —-1.00 225
WT 9.93 1.00 0.501

2 s INRA

stress resistance line, followed by T1 (XL-1) and T14 (XL-14)
(Gao et al. 2013). However, with the growth of the transgenic
poplar, it was found that XL-11 was significantly different
from other transgenic lines. It was identified that XL-11 was
a T-DNA insertion mutant, mainly characterized by dwarfing,
small leaves, and epidermis and palisade ratios were signifi-
cantly higher than in the other 10 transgenic lines (Liu et al.
2013). The TaLEA transgenic P. simonii X nigra was then
used to construct an intermediate test forest in semi-arid and
mild saline—alkali soil areas. At the age of 2 years, XL1, XL9,
and XL14 lines were selected as the transgenic lines with the
best applicability and stability according to their growth traits,
compared with other transgenic lines; the height growth of
XL-11 was slower (Li et al. 2013). Due to the disadvantage
of tree height, its survival cannot compete with other trans-
genic lines. Therefore, the preservation rate of XL-11 was
almost zero in the investigation and analysis of 3-year-old
TaLEA transgenic poplar common garden plantations (Liu
etal. 2015). Therefore, it is necessary to select transgenic trees
in the field. This study is a follow-up investigation on the 9-
year-old transgenic intermediate common garden plantations
with the TaLEA gene. The results showed that the growth
patterns of the 11 lines tested at different experimental sites
were different. XL-1 and XL-9 were the best at the Cuohai test
site, XL-1 was the best at the Daqing test site, and XL-14 was
the best at the Lanxi test site. The soil of the Daqing and Lanxi
experimental sites was weakly alkaline, and the selected XL-1
and XL-14 lines might have strong salt and alkalinity toler-
ance. It was found that the growth of WT at the Daqing test
site was also good, and the reasons for this need to be explored
in follow-up studies. In addition, in the afforestation experi-
ment, the three afforestation sites may be affected by human
activities to varying degrees.

Pilate et al. evaluated the agronomic and pulping perfor-
mance of transgenic poplar with CAD or COMT genes
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planted in the field in two different countries for 4 years. The
results showed that among the four transgenic lines, ascad21
was of commercial value, saving 6% of chemicals and in-
creasing pulp production by 2-3% (Pilate et al. 2002).
Pasonen et al. (2008) studied the growth and adaptive traits
of chitinase transgenic silver birch (Betula pendula Roth)
through field experiments. It was found that three lines
(1,10,12) of 15 lines had a lower relative growth rate (RGR),
late germination, and poor health status compared with the
control. The authors believe that these differences are likely
explained by the position effect of transgenes, that is, the
effects associated with T-DNA integration sites.

Studies on transgenic switchgrass showed that the
phenotype of transgenic lines overexpressing the
microRNA (mirl56) gene was inconsistent between
greenhouse and field, and between different growing sea-
sons. One low-expressing transgenic line consistently
produced more biomass (25-56%) than the control across
all three seasons, which translated to the production of
30% more biofuel per plant during the final season. The
other three transgenic lines produced less biomass than
the control by the final season, and the two lines with
moderate expression levels also exhibited altered disease
susceptibilities (Baxter et al. 2018). A field experiment

Table 7 Interaction effects of

DBH and sites and Test Mean of DBH  Values among different tested ~ Line Adaptation Comprehensive

comprehensive evaluation of test line (cm) sites value region evaluation

lines. E1: Cuohai; E2: Daqing;

E3: Lanxi Cuohai Daqing  Lanxi
WT 9.93 —0.112 0.704  —0.592 1.01 E2 Great
XL-1 9.61 0.644 0.0730 —0.717 0.694 El Great
XL-9 9.59 0.621 —0270  —0.351 0.671  EI-E3 Great
XL-7 9.27 0241  —0.565 0.324 0354  EI-E3 Good
XL-14  9.12 -0.247  —0.895 1.14 0204 E3 Good
XL-13  9.12 0.586  —0.620 0.0350 0.199  EI-E3 Good
XL-3 8.55 —-0.910 0.855 0.0550 —0372 E2 Normal
XL-5 8.26 -1.30 1.27 0.0320 —0.656 E2 Worse
XL-10 825 0.398 0.017  —0415 -0.672  E1-E3 Worse
XL-4 8.23 0311  —0.119  —0.192 -0.692 EI1-E3 Worse
XL-6 8.18 —0.228 —0.453 0.681 -0.740 E3 Worse

INRAD & sorne



42 Page 100f13

Annals of Forest Science (2021) 78: 42

Fig. 5 Results of semi- 50
quantitative interpretation of gene 3
expression 45 ///
I Z 7
a0 | . %
=35} /
EN /
230F /
S st 7, O
[ 7 / 2
€ 20} / /
8 ol 0 /
= 7%,
8 - r // % % 7 7/ 77 /
- ? /’ / / // /
51 / / 0 %
[ 7 /
L NN A

was conducted on switchgrass which overexpressed the
transcription factor gene of MYB4 (pvmyb4). The results
showed that over two growing seasons, one transgenic
event (out of eight) had important gains in both biofuel
(32% more) and biomass (63% more) at the end of the
second growing season relative to non-transgenic con-
trols. These gains represent a doubling of biofuel produc-
tion per hectare, which is the highest gain reported from
any field-grown modified feedstock. In contrast to this
transgenic event, which had relatively low ectopic over-
expression of the transgene, five of the eight transgenic
events planted did not survive the first field winter. The
dead plants were all high-overexpressing events that per-
formed well in the earlier greenhouse studies. Disease
susceptibility was not compromised in any transgenic
events over the field experiments (Baxter et al. 2015).
These results highlight the importance of years of field

T
WT X

L-1 XL-3 XL-4 XL-5 XL-6 XL-7 XL-9 XL-10 XL-13 XL-14

Lines

research on transgenic plants with genes that regulate
plant growth and development.

4.2 Determination of the most suitable extension area
of new transgenic varieties by the regionalization test

The ultimate purpose of transgenic P. simonii X nigra is to
obtain new varieties with drought resistance and salt tolerance
and to then popularize them. The adaptability and stability
analyses of transgenic lines were carried out by a regionaliza-
tion test, which was the premise of popularizing new varieties.
The Tai model is commonly used to analyze the adaptability
of each line according to regression analysis. The results of the
Tai model showed that XL-9 had the strongest adaptability
and the best growth at the three experimental sites, followed
by XL-7 and XL-13, and XL-4 and XL-10 had the worst
adaptability. Therefore, the XL-9, XL-7, and XL-13 lines are

Table 8 Analysis of T-DNA in-

sertion sites in transgenic lines Line Primer name Site name Insertion site Designation of chromosome
XL-1 XL-1 Chr01 IS1 2,759,251 bp Chr01
XL-1 Chr03 IS2 11,710,668 bp Chr03
XL-1 Chr05 IS3 10,599,509 bp Chr05
XL-1 Chr09 IS4 7,653,220 bp Chr09
XL-1 Chrl4 IS5 14,552,526 bp Chrl4
XL-1 Chrl6 IS6 9,294,838 bp Chrl6
XL-7 XL-7 Chr09 IS-XL-7 5,030,092 bp Chr09
XL-9 XL-9 Chr05 IS-XL-9 6,685,809 bp Chr05

2 s INRA
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Fig. 6 Verification of T-DNA insertion sites for transgenic plants. (a)
Line M: DNA ladder; lines 1-3: XL-1; lines 4-6: XL-7; lines 7-9: XL-
9. Primer name: lines 1, 4, 7: XL-1 Chr01; lines 2, 5, 8: XL-1 Chr05; lines
3,6,9: XL-1 Chr09. (b) Line M: DNA ladder; line 1: XL-7; line 2: XL-1;

the first choice for subsequent environmental release and pro-
ductive trials.

4.3 The T-DNA insertion site can be used as a molec-
ular feature of preferred transgenic lines

In the production and application of transgenic plants, the
T-DNA insertion site is a label of each of the transgenic
lines and an important molecular feature of the transgenic
lines. The identification of T-DNA insertion sites provides
technical support for the market supervision of transgenic
lines after commercialization. In the past, thermal asym-
metric interlaced (TAIL)-PCR, reverse PCR, exogenous
junction-mediated PCR, and other techniques were often
used to identify T-DNA insertion sites; however, these
methods not only require complex and time-consuming
processes, but also have high uncertainty, poor specificity,
and a low success rate (Chen et al. 2010; Pu et al. 2016;
Tsaftaris et al. 2010; Wang et al. 2011). In recent years,
with the decrease in the time and cost of whole-genome
resequencing, it is now being increasingly employed (Hu
et al. 2016; Nordstrom et al. 2013). The T-DNA insertion
sites of transgenic plants were identified by genomic
resequencing, which has been used in Arabidopsis
thaliana, soybean (Glycine max), and other transgenic
plants and offers the advantages of simplicity, reliability,
and high efficiency (Guo et al. 2016; Polko et al. 2012).
Three transgenic poplar lines—XL-1, XL-7, and XL-9—
with a potential popularization value were identified by
this technique. Three T-DNA insertion sites were identi-
fied by the XL-1 transgenic lines, located on ChrOl,
Chr05, and Chr09, and one insertion site was identified
in XL-7 and XL-9, which was located on Chr09
5,030,092 and Chr05 6,685,809, respectively. At present,
the selected XL-1, XL-7, and XL-9 transgenic poplars have
been approved with the administrative license for environ-
mental release (Forest Technology Permit [2018] No. 6).
The T-DNA insertion site of the selected lines can provide

b c
2
000bp 2000bp
1000bp
750bp 19§8§8
500bp 500bp
250bp
250bp 100bp
100bp

line 3: XL-9. Primer name: XL-7 Chr09. (¢) Line M: DNA ladder; line 1:
XL-9; line 2: XL-1; line 3: XL-7. Primer name: XL-9 Chr05. The corre-
sponding primer sequence can be found in Table 2 according to the
primer name

a reference for the subsequent productive testing of trans-
genic poplars.

5 Conclusions

Semi-quantitative PCR confirmed that TaLEA is still
expressed after 9 years in the field. Additionally, three
T-DNA insertion sites were identified on ChrO1, Chr05,
and Chr09 for XL-1 transgenic lines. One insertion site
was found on Chr09 and Chr05 for XL-7 and XL-9,
respectively. We confirm that preferred transgenic lines
can be selected for adaptability 2 years after field exper-
iments. These results will provide further guidance for
testing of transgenic tree production.
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