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Abstract: Global climate change is heavily affected by an increase in CO,. As one of several efforts
to cope with this, research on poplar, a representative, fast growing, and model organism in plants,
is actively underway. The effects of elevated atmospheric CO, on the metabolism, growth, and
transcriptome of poplar were investigated to predict productivity in an environment where CO,
concentrations are increasing. Poplar trees were grown at ambient (400 ppm) or elevated CO,
concentrations (1.4x ambient, 560 ppm, and 1.8 x ambient, 720 ppm) for 16 weeks in open-top
chambers (OTCs). We analyzed the differences in the transcriptomes of Populus alba x Populus
glandulosa clone “Clivus” and Populus euramericana clone “I-476” using high-throughput sequencing
techniques and elucidated the functions of the differentially expressed genes (DEGs) using various
functional annotation methods. About 272,355 contigs and 207,063 unigenes were obtained from
transcriptome assembly with the Trinity assembly package. Common DEGs were identified which
were consistently regulated in both the elevated CO, concentrations. In Clivus 29, common DEGs
were found, and most of these correspond to cell wall proteins, especially hydroxyproline-rich
glycoproteins (HRGP), or related to fatty acid metabolism. Concomitantly, in 1-476, 25 were identified,
and they were related to heat shock protein (HSP) chaperone family, photosynthesis, nitrogen
metabolism, and carbon metabolism. In addition, carbohydrate contents, including starch and total
soluble sugar, were significantly increased in response to elevated CO,. These data should be useful
for future gene discovery, molecular studies, and tree improvement strategies for the upcoming
increased-CO, environments.

Keywords: carbon dioxide; climate change; open-top chamber; RNA sequencing; gene expression
analysis; Populus

1. Introduction

The CO; concentration in the atmosphere is rapidly increasing due to industrializa-
tion and deforestation, causing global warming and abnormal weather conditions. The
reduction in the CO; concentration in the atmosphere through photosynthesis highlights
the importance of forests (IPCC, 2013). According to the IPCC Fourth Assessment Report
(IPCC 2007), the atmospheric CO, concentration will increase from 389 ppm in 2005 to
550-700 ppm by 2050 and to 650-1200 ppm by 2100, which will cause global warming
of 1.1-6.4 °C by the end of this century [1]. The concentration of CO; in the atmosphere
directly determines the ratio of plant photosynthesis, and indirectly affects plant produc-
tivity and fitness, and thus could serve as a form of selective pressure, though there is little
evidence to support this contention. Carbon dioxide is a major component in photosyn-
thesis that converts solar energy into energy stored in carbohydrates, thereby controlling
plant yield. An elevated CO, concentration raises the photosynthetic rate and plant’s net
production or biomass [2], but a rising temperature increases the ratio of photorespiratory
loss of carbon to photosynthetic gain, thereby having an opposite effect [3]. The increase in
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the concentration of atmospheric CO is likely to have a significant effect on the photosyn-
thesis, metabolism, and development of plants [4,5]. In plants, increased primary carbon
sources accelerate their metabolism and growth, especially when other growth sources are
abundant [6,7].

Populus is a significant model for studying the effects of abiotic stresses on trees. In
addition, Populus is now recognized as a model tree [8], enabling genomic resources to
be deployed to answer questions of ecological and evolutionary significance on plant
response and adaptation to climate change. The Populus species is an excellent model
for examining drought stress responses, which affect not only survival but also biomass
accumulation [9,10]. Additionally, Populus is an economically important wood tree, and in
recent years, there has been increasing interest in studying its genotype, transcriptome and
drought response mechanisms [11,12]. Populus is the internationally accepted model system
for physiological and molecular studies in woody plants, in part due to the availability of
the complete genome sequence of Populus trichocarpa [13]. The availability of the poplar
genome plays an important role in understanding the molecular processes of growth,
metabolism, and stress responses to environmental changes. The Populus alba x Populus
glandulosa “Clivus” clone is a hybrid species made by NIFoS (National Institute of Forest
Science) in Korea. It is a good resource for genetic engineering as it is sterile [14]. The
Populus euramericana “1-476” clone is an interspecific hybrid produced from the cross of
Populus nigra and Populus deltoides. Many P. euramericana clones have been commercialized,
used in forestry production, and to promote ecosystem stability [15].

Next-generation sequencing technologies have been used to elucidate the molecular
bases of poplar physiological and developmental mechanisms [16,17], and the responses of
the Populus transcriptome to both biotic and abiotic stresses [18-20]. In particular, RNA-Seq
analysis have been an important breakthrough for sensitive, quantitative, annotation-
independent, and high-throughput analyses [21].

We aimed to study physiological and transcriptional changes in poplar trees grown
under ambient (400 ppm) and elevated (560 and 720 ppm) atmospheric CO,, and the
physiological parameters are correlated with changes in transcript abundance.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Poplar seedlings (Populus alba x Populus glandulosa hybrid “Clivus” clone and Populus
euramericana “1-476” clone) were grown in pots containing appropriate soil moisture in the
open-top chambers (OTCs) system (Figure 1). These Populus clones were used as solitary
maternal plants. Rooted cuttings from these maternal Populus clones were cultivated in
pots in a greenhouse for 4 weeks for acclimation and then transferred to OTCs. Ten plants
were grown and 8 plants were used in the experiments. The experiment was conducted
for 16 weeks in the National Institute of Forest Science in Suwon, Korea (37°15'04” N,
136°57'59" E), under natural environmental conditions [22]. Three treatment levels of CO,
concentration were applied to the OTCs: ambient (x1.0, ~400 ppm), x1.4 (~560 ppm), and
x1.8 (~720 ppm). Although the air temperature inside was 1.2-2.0 °C higher than that of
the outside, the temperature differences among the OTCs were less than 0.2 °C.

2.2. Measurement of the Chlorophyll Content

The chlorophyll content was determined according to the method of Sibley et al.
(1996) [23]. From all treatments, 0.1 g fresh samples were taken in triplicate, homogenized
thoroughly with dimethyl formamide (DMF) and centrifuged at 14,000x g for 10 min
at 4 °C. The supernatant was used as the chlorophyll source. The chlorophyll levels
were determined by reading the supernatant absorbances at 647 nm and 664 nm with a
Biospectrometer (Eppendorf, Hamburg, Germany). The chlorophyll contents and their
means were calculated as follows for each plant and treatment:

° CthI‘OphyH a= 12-7A664 - 2.79A647.
® CthI‘OphyH b= 20-7A647 - 4-62A664~
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e  Carotenoids = (1000A479 — 1.82Chl a — 85.02Chl b)/198.
(A, absorbance; pigment concentration in mg/g fresh weight (FW)).
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Figure 1. A schematic representation of the experimental design and the phenotypes of poplar clones. (a) A photograph
of the whole open-top chambers (OTCs) facility. (b) The conceptual model. (c,d) The effects of elevated CO, on the shoot
growth of the poplar Clivus and 1-476 clones. The values are the means & SDs (1 = 10) Different lowercase letters indicate
significant differences (Tukey’s HSD, p < 0.05 for (d)).

2.3. Extraction and Measurement of Starch and Soluble Sugar

To extract metabolites, approximately 0.1 g poplar leaves from the plants grown for
16 weeks were ground in liquid nitrogen to a fine powder, and then the pulverized tis-
sues were extracted twice with 80% (v/v) ethanol at 80 °C. To analyze starch content, the
resulting sediments from aqueous ethanol extractions were re-suspended in distilled H,O
and enzymatically digested to glucose according to the method described by Walters et al.
(2004) [24]. The sugar concentrations were determined enzymatically by a method de-
scribed by Stitt et al. (1989) [25] using a Biospectrometer (Eppendorf, Hamburg, Germany).

Total soluble sugars were extracted from leaf tissues by 80% ethanol by a modified
method of Irigoyen et al. (1992) [26] as follows. After fresh weight determination, the leaves
were homogenized by grinding in liquid nitrogen with mortar and pestle. Then, 2 mL of
80% (v/v) ethanol was added and the sample was vortexed for 1 h. After centrifugation at
14,000 g for 10 min, the supernatant was collected. The supernatants were added with
chloroform and completely mixed. After centrifugation at 14,000x g for 10 min, 50 puL
of supernatant was reacted with 4.95 mL of freshly prepared anthrone reagent (500 mg
anthrone + 50 mL 72% HSO,) at 100 °C for 15 min. After cooling on ice, the total soluble
sugar content was determined at 620 nm by a Biospectrometer (Eppendorf, Hamburg,
Germany) using glucose as the standard.
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2.4. Measurement of Malondialdehyde (MDA), Proline and H,O;

From each treatment, approximately 0.1 g of poplar leaves were harvested in triplicate
and extracted with a buffer consisting of 20% TCA (w/v) and 0.5% thiobarbituric acid (TBA)
(w/v), followed by warming at 95 °C for 30 min. The reaction was terminated by placing the
mixture on ice for 30 min and then centrifuging it at 14,000 g for 10 min. The absorbance
of the supernatant was read at 532 nm using a Biospectrometer (Eppendorf, Hamburg,
Germany). The MDA content was derived according to the method of Heath and Packer
(1968) [27].

Proline was extracted from a sample of 0.5 g fresh leaf samples in 3% (w/v) aqueous
sulfosalicylic acid and estimated using the ninhydrin reagent according to the method of
Bates et al. (1973) [28]. The absorbance of the fraction with toluene separated from the
liquid phase was read at a wavelength of 520 nm. Proline concentration was determined
using a calibration curve and expressed as mmol proline g~! FW.

Hydrogen peroxide was measured spectrophotometrically after reaction with KI.
The reaction mixture consisted of 0.5 mL 0.1% trichloroacetic acid (TCA), leaf extract
supernatant, 0.5 mL of 100 mM K-phosphate buffer and 2 mL reagent (1M KI w/v in
fresh distilled H,O). The blank probe consisted of 0.1% TCA, K-phosphate buffer, and KI
reagent in the absence of leaf extract. The reaction was developed for 1 h in darkness and
absorbance was measured at 390 nm. The amount of hydrogen peroxide was calculated
using a standard curve prepared with known concentrations of HyO, [29].

2.5. RNA Isolation, Library Preparation and gRT-PCR Analysis

Samples obtained from the leaves of eight plants in each CO; treatment were frozen
in liquid nitrogen, grinded, and stored at —80 °C. RNAs from 8 plants for each treatment
were extracted, and equal amounts of RNA were pooled to obtain single RNA samples;
RNA pools were used for RNA sequencing. cDNAs for gRT-PCR were synthesized from
all 48 samples. Total RNA was isolated using a RNeasy plant mini kit (Qiagen, Hilden,
Germany). Approximately 2 ug of RNA from each tissue was used to construct cDNA
libraries for sequencing according to the Illumina TruSeq RNA Sample Preparation protocol.
In short, the workflow included isolation of poly-adenylated RNA molecules using poly-T
oligo-attached magnetic beads, enzymatic RNA fragmentation, cDNA synthesis, ligation
of bar-coded adapters, and PCR amplification. The libraries were sequenced using an
IMumina HiSeq 4000 platform with 101 paired-end sequences at the Macrogen (Korea).

For real-time quantitative RT-PCR analysis, first-strand cDNA was synthesized from
1 ug of DNase-treated total RNA using RNA to cDNA EcoDry™ Premix (TaKaRa, Shiga,
Japan). All reactions were performed using the IQ™ SYBR Green Supermix (BIO-RAD,
Hercules, CA, USA) and carried out in a CFX96 Touch Real-Time PCR Detection System
(BIO-RAD, Hercules, CA, USA) according to the manufacturers’ instructions. The gene-
specific primers used for the quantitative RT-PCR were found in Supplementary Table S1.
The reaction cycle was: 1 cycle of 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s,
and 60 °C for 34 s. Relative quantification was performed to calculate expression levels of
target genes in different treatments using the 2~ 22t methods [30]. In the reaction plate,
each sample was measured in triplicate. The expression level of ACTIN1 was used for the
normalization of quantitative real-time PCR results [31].

2.6. RNA Sequencing Analysis

The sequenced raw reads from Populus young leaf tissues were processed with the
following RNA sequencing pipeline. The quality of the RNA-Seq reads from all of the
six tissues was checked using FastQC. The Trimmomatic software (v0.0.14) was used to
process raw reads to remove adaptor sequences and low quality reads [32]. The obtained
high quality reads were mapped into Populus alba reference genome (GCA_005239225.1_
ASM523922v1_genomic.fna) from NCBI (https:/ /www.ncbi.nlm.nih.gov/genome /13203,
accessed on 15 January 2020) using Hisat2 [33]. Further, SAMtools was implemented to
convert SAM files from BAM files [34]. Then, we used Feature Counts [35] to estimate the


https://www.ncbi.nlm.nih.gov/genome/13203

Forests 2021, 12, 980

50f18

uniquely mapped gene counts by using Populus alba genome annotation (GCA_0052392
25.1_ASMb523922v1_ genomic.gff).

2.7. Differentially Expressed Gene (DEG) Analysis

The generated gene count files from each Populus tissue (Clivus_
OTC1 (C_01), Clivus_OTC2 (C_02), Clivus_OTC3 (C_03), I-476_OTC1 (I1_01), I-476_OTC2
(1_02), and I-476_OTC3 (I1_03)) were used for differential expression genes analysis using
DEseq?2 version 1.20 package in R analysis environment [36]. Further, Fisher’s exact test
and likelihood ratio test methods were implemented to perform differential expression
analysis of digital gene expression data following a binomial distribution. This experiment
lacks biological replicates and log2 fold change >2 was used as a threshold to identify the
DEGs. Further, only DEGs with a gene symbol were considered for downstream analysis.
Common DEGs in both clones from all comparison (400 vs. 560, 400 vs. 720, and 560 vs.
720) were extracted using Venny 2.1.0 for further understanding.

2.8. Annotation of DEGs

The Omicsbox (Blast2GO) program (Biobam, Purchased version, Valencia, Spain) was
used to perform functional annotation analysis. In detail, we performed a BLASTx program-
based homology search for the Populus alba gene sequences against the Arabidopsis protein
database (NCBI Arabidopsis protein sequences https:/ /ftp.ncbi.nlm.nih.gov/genomes/
all/GCF/000/001/735/GCF_000001735.4_TAIR10.1/GCF_000001735.4_TAIR10.1_protein.
faa.gz, accessed on 3 February 2020) using a cutoff E-value < 107> and a maximum
number of allowed hits were fixed at 10 per query. The alignment results with the
smallest E-value were considered to select best top hits. Further, GO (Gene Ontology)
terms were identified for all genes which are associated from BLASTx (NCBI, https:
/ /blast.ncbinlm.nih.gov/, accessed on 11 February 2021) search results with Omicsbox
(Biobam, Spain, https://www.biobam.com/omicsbox/, accessed on 11 February 2021)
and WEGO (Web Gene Ontology Annotation Plot) (http://wego.genomics.cn, accessed
on 4 October 2020) used for plotting [37]. The corresponding Arabidopsis gene symbol,
along with DEG specific fold values, were used to perform gene set enrichment analysis by
WebGestalt (http:/ /www.webgestalt.org/, accessed on 2 May 2020) [38]. Cluster analysis
was performed using ClustVis (https:/ /biit.cs.ut.ee/clustvis/, accessed on 11 February
2021) [39].

2.9. Statistical Analysis

Analyses were carried out using a one-way ANOVA with multiple comparisons using
Dunnett’s T3 or Tukey’s HSD. p-values < 0.05 were considered significant. Values are
presented as means with SD.

3. Results
3.1. Growth and Physiological Changes in Response to Elevated CO,

We observed the phenotypes and measured the physiological changes of the two
poplars’ leaves at the seedling stage. The height of the Clivus grown with an elevated
CO; level of 720 ppm was significantly reduced as a response to elevated CO, (Figure 1).
However, except this instance, there were no significant physiological differences observed
between ambient or elevated CO, poplar plants. The leaves” chlorophyll content was
correlated with photosynthetic activity, and the chlorophyll levels were affected by elevated
CO;. The chlorophyll A content of I-476 poplar was significantly reduced at elevated CO,
levels (560 and 720 ppm). Furthermore, in I-476, reduced chlorophyll: carotenoid content
was also observed at elevated CO, (720 ppm) compared to the controls (Figure 2). In
addition, the total chlorophyll content of 1-476 poplar was also significantly reduced at
elevated CO, levels. In both Clivus and 1-476, there was a change in carotenoids at an
elevated CO; level of 560 ppm. Except for the above-mentioned changes, we found no
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significant changes in the levels of photosynthetic pigments in poplar grown in any CO,
conditions.
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Figure 2. Effects of CO, treatment on photosynthetic pigments in poplar clones. (a) Chlorophyll A. (b) Chlorophyll B.
(c) Carotenoids. (d) Total chlorophyll/carotenoids. (e) Total chlorophyll. (f) Chlorophyll A/B. Values are means + SDs of
three independent measurements. Different lowercase letters indicate significant differences (Tukey’s HSD, p < 0.05 for
(a,c,e); and Welch’s ANOVA with Dunnett’s T3, p < 0.05 for (d)).

To investigate the effects of elevated CO, on the carbon metabolism and stress-
responsive elements, the MDA, H,O;, proline, and soluble sugar contents were examined.
The MDA content was measured to determine the degree of tissue damage caused by
stress [40]. The change in H,O, content is a good indicator of the state of the ability to
remove free radicals in oxidation stress [40]. Elevated CO, increased the concentrations of
MDA, proline, total soluble sugar, and starch in leaves of the Clivus, but did not alter the
concentration of HyO,. In contrast, elevated CO; significantly increased the concentration
of H,O,, proline, total soluble sugar, and starch in leaves of the I-476. Only the level of
MDA at 520 ppm decreased in I-476. In particular, elevated CO, tended to increase the
concentration of starch in both the Clivus and 1-476 (Figure 3).
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Figure 3. Effects of CO, treatment on the metabolites and carbohydrate contents. (a) MDA. (b) H,O5. (c) Proline. (d) Total
soluble sugar. (e) Starch. Different lowercase letters indicate significant differences (Tukey’s HSD, p < 0.05 for I-476 in (a—e);
and the same for Clivus, except Welch’s ANOVA with Dunnett’s T3, p < 0.05 for Clivus in (a)).

3.2. RNA Sequencing Analysis

RNA-Seq analysis was performed in order to study the differential gene expression

patterns exerted in response to elevated CO, treatments in two poplar species (Clivus and
1-476). After the adapter trimming and quality check, the clean reads were mapped to the
reference genome Populus alba. The mapping percentage varied significantly between the
species; Clivus (P. alba x P. glandulosa hybrid) showed higher percentage matching than
the 1-476 (P. euramericana), as expected. The detailed report on raw read number, data in
GB, clean read number and clean read rate for each comparison are detailed in Table 1. The
quality score, Q30 clean base rate, was approximately 94% in all comparisons (Table 1).
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Table 1. A summary of the RNA sequencing results.

Features C-01 C-02 C-03 I-01 I-02 I-03
Raw Reads Number 106,478,531 105,000,000 104,645,041 100,369,331 106,750,088 105,451,387
Data in GB 215 21.14 21.13 20.27 21.56 21.3
Clean Reads Number 103,924,392 102,000,000 101,893,091 97,491,907 103,843,061 102,166,668
Clean Reads Rate 97.60% 97.58% 97.37% 97.13% 97.27% 96.88%
Low-quality Reads 2.39% 2.41% 2.62% 2.86% 2.72% 3.11%
Total bases 10,750,000,000  10,600,000,000  10,570,000,000  10,137,302,431  10,781,758,888  10,650,590,087
Clean Q30 Bases  10,180,000,000  10,000,000,000  9,903,000,000  9,545,026,030  10,202,693,412  10,386,382,963
Clean Q30 Bases Rate 94.65% 94.69% 93.69% 94.15% 94.62% 93.91%
GC % 44 44 44 44 45 45
Umqﬁal\gsap ped 85,670,611 82,924,836 83,342,372 54,226,551 56,729,089 55,987,647
Unique Mapped 82.44% 81.17% 81.79% 55.62% 54.63% 54.80%
ratio %
Multi-mapped reads 3,199,788 3,259,580 3,332,247 2,258,383 2,721,419 2,661,064
Multi-mapped reads 3.08% 3.19% 3.27% 2.32% 2.62% 2.60%
ratio %
Overall Alignment
with Reference 91.08% 89.87% 90.70% 70.41% 69.56% 70.04%
Genome

3.3. Differentially Expressed Genes (DEGs)

The DEG analysis was used as an exploratory data to identify the genes responsive
to elevated CO; treatment (Supplementary Figures S1 and S2). Elevated CO, treatment
displayed a change in expressed genes in both the clones (Figure 4). Clivus clone showed a
greater number of DEGs than 1-476 in all comparisons (400 vs. 560, 400 vs. 720, and 560 vs.
720). The higher percentage of mapping observed in Clivus clone to Populus alba reference
genome might be the reason for the distinct number of DEGs observed between clones.
DEGs that were consistently expressed genes in both elevated CO2 treatment could be
candidate responsive genes for elevated CO; treatment in poplar clones. Therefore, we
extracted common DEGs from all comparisons. A total of 29 common genes were observed
in Clivus, of which two were upregulated and 24 downregulated (Figure 4). Most of these
DEGs belong to the cell wall protein family, especially hydroxyproline-rich glycoproteins
(HRGP) [41,42], and the fatty acid metabolism pathway (Figure 5a). HRGP are proline-rich
cell wall proteins that have a wide range of functions in signal transduction cascades, such
as plant development and stress tolerance. As observed in Figure 5a, the last three genes
showed increased or decreased expression in comparison 400 vs. 560, while increasing the
CO; concentration (400 vs. 720) did not show concomitant increase or decrease. Similarly,
in I-476, there were seven genes upregulated and eight genes downregulated in both the
elevated CO; treatment compared to ambient CO; concentration, and the last 10 genes
showed varied expression pattern when CO; increased. Common DEGs obtained in the
1-476 clone belonged to the HSP chaperone family and metabolic pathways, especially
photosynthesis, nitrogen metabolism, and carbon metabolism (Figure 5b).
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(a) Upregulated Downregulated
C-400 vs C-560 C-400 vs C-720 C-400 vs C-560 C-400 vs C-720
160
(29.9%)
64
(8.2%)
C-560 vs C-720 C-560 vs C-720
(b) Upregulated Downregulated
1-400 vs 1-560 1-400 vs 1-720 1-400 vs 1-560 1-400 vs 1720

(26.6%)

-
P
20

1-560 vs 1-720 1-560 vs 1-720

Figure 4. Comparison of differentially expressed genes. (a) Clivus (Populus alba x P. glandulosa, a poplar clone hybrid); and
(b) I-476 (Populus euramericana). Upregulated-log?2 fold change (>2); Downregulated-log?2 fold change (<—2). Each species
was treated with three different concentrations of CO,. C-400, Clivus CO, 400 ppm; C-560, Clivus CO, 560 ppm; C-720,
Clivus CO; 720 ppm; 1-400, 1-476 CO, 400 ppm; I-560, I-476 CO, 560 ppm; 1-720, 1-476 CO, 720 ppm.

3.4. Functional Classification of Two Populus Species

The GO study displayed a similar pattern of enrichment in both the poplar species.
Under the biological process categories, the greater number of DEGs falls under response
to stress, responsive to stimulus and external stimulus sub-classes. The CO, treatment has
triggered the responsive stimulus in the leaves to a greater extent, which was well observed
in GO enrichment analysis (Figure 6). Additionally, HGRP and other membrane-associated
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DEGs found in elevated CO; treated leaves correlated with the plant response in protecting

its cell wall.
The KEGG enrichment analysis on DEGs resulted in unanimity pathways in all
comparisons, irrespective of species differentiation. Carbon metabolism, starch sucrose

metabolism, glutathione metabolism, and fatty acid metabolism are the most common

enriched pathways in top 10 lists (Figure 7).
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Figure 7. KEGG pathway enrichment analysis. (a,b) Clivus; (c,d), I-476.

3.5. Validation of RNA-Seq Results by gRT-PCR

We performed a qRT-PCR for the top 10 most significant DEGs, including D5086_0000
265220, D5086_0000080910, D5086_0000065160, D5086_0000242970, D5086_0000065170,
D5086_0000289410, D5086_0000064330, D5086_0000042670, D5086_0000250770 and D5086_
0000252880 in Clivus (Figure 8a—e k-0); and D5086_0000176630, D5086_0000043470, D5086_
0000080180, D5086_0000215870, D5086_0000038460, D5086_0000212360, D5086_0000328260,
D5086_0000281500, D5086_0000305900, and D5086_0000277080 in 1-476 (Figure 8f-j,p—t).
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To verify the differences in gene expression among OTC1, OTC2, and OTC3, 20 genes were

selected for qRT-PCR. In qRT-PCR assay, most of the genes showed similar expression pat-
terns as were observed in RNA-Seq data. We found that common DEGs, D5086_0000080910,
D5086_0000065160, D5086_0000242970, and D5086_0000065170, were downregulated,
while D5086_0000265220 was upregulated in Clivus species in both OTC2 and OTC3 com-
pared with OTC1. The common DEGs of I-476, except the upregulated D5086_0000038460,
D5086_0000176630, D5086_0000043470, D5086_0000080180, and D5086_0000215870, were

all downregulated in both OTC2 and OTC3 compared with OTC1. We analyzed the sucrose

related genes of in both Clivus and I-476; compared with OTC1, both OTC2 and OTC3

showed upregulation of DEGs D5086_0000064330, D5086_0000042670, D5086_0000250770,
and D5086_0000252880, whereas D5086_0000289410 was downregulated in Clivus. In the

case of I-476, D5086_0000212360, D5086_0000328260, D5086_0000281500, D5086_0000305900,
and D5086_0000277080 were downregulated in both OTC2 and OTC3 compared with
OTC1. Among the above results, the decreased expression levels of D5086_0000042670 and
D5086_000305900 in OTC2 and OTC3 were opposite to each other when compared with
RNA-Seq data.
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Figure 8. Validation of differential expressions of 20 genes by quantitative real-time PCR (qRT-PCR). qRT-PCR analysis data
for the top 10 most significantly differentially expressed genes (DEGs) in Clivus and 1-476, respectively. qRT-PCR data were
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analyzed using the 2~ 22Ct method with Actinl gene as an internal control. Three biological replicates were performed
for each sample. Error bars show mean standard error (n = 3). (a—e) Common Clivus genes; (f-j) common [-476 genes;
(k—o) sucrose genes of Clivus; and (p-t) sucrose genes of 1-476. Different lowercase letters indicate significant differences.
(a, DREB2A-interacting protein 2/E3 ubiquitin protein ligase DRIP2-like; b, ABI-1-like 1/probable protein ABILS5; ¢, fatty
acid desaturase 2/delta(12)-acyl-lipid-desaturase-like; d, myb domain protein 9/transcription factor MYB53-like; e, fatty
acid desaturase 2/delta(12)-acyl-lipid-desaturase-like; f, HSP20-like chaperones superfamily protein/23.6 kDa heat shock
protein, mitochondrial-like; g, galactinol synthase 1/galactinol synthase 2-like; h, Ribulose bisphosphate carboxylase (small
chain) family /ribulose bisphosphate carboxylase small chain clone 512-like protein; i, HSP20-like chaperones superfam-
ily protein/22.0 kDa class IV heat shock protein-like; j, glucuronoxylan 4-O-methyltransferase-like protein (DUF579);
k, Glycogen/starch synthases, ADP-glucose type; 1, glycosyl hydrolase 9C3; m, glycosyl hydrolase 9B13; n, glycosyl hydro-
lase 9B18; o, Glycosyl hydrolases family 31 protein; p, glycosyl hydrolase 9C3; q, Glycosyl hydrolase superfamily protein;
r, plant glycogenin-like starch initiation protein 1; s, Glycosyl hydrolase superfamily protein; and t, plant glycogenin-like
starch initiation protein 3) (Tukey’s HSD, p < 0.05 for (e,fh,ik11t); and Welch’'s ANOVA with Dunnett’s T, p < 0.05 for
(a—d,gm—q,s).
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4. Discussion

As a rapid increase in CO, is expected within decades, studies on the reaction of
plants to high concentrations of CO, have been steadily progressing. As the initial growing
environmental conditions of the seedlings are very important for development and sur-
vival, a response study to high concentrations of CO, was conducted. The physiological
response of poplar to elevated CO, varies greatly depending on the species, growth period,
additional nutrients, and temperature [7,43-46]. We observed changes in Clivus and 1-476
poplar seedlings in OTCs without any additional factor intervention. However, OTCs have
an intrinsic constraint in that the temperature (by 1.2-2 °C) is higher than outside due to
their limited airflow. Growth deterioration due to spatial constraints of OTCs did not affect
growth at the seedling level. Under these conditions, only Clivus clone at an elevated CO,
level of 720 ppm showed a decrease in growth (Figure 1). In the previous study, impaired
plant growth was observed after long-term exposure to a high CO, concentration and
insufficient nitrogen by altering the primary metabolism [47].

Previous studies have shown that the chlorophyll content may decrease or increase
in response to changes in the external environment [48]. In our result, it was confirmed
that levels of chlorophyll A and carotenoids showed significant changes (Figure 2). It has
been reported that the content of chlorophyll is highly correlated with the concentration
of CO; in the atmosphere and the photosynthetic ability [49,50]. An elevated CO; con-
centration initially increases the photosynthetic rates of plants, but over time, the rate of
photosynthesis is reduced due to the feedback of photosynthetic products and reduction in
Rubisco content [51]. Referring to the above, our result showed that treatment with a high
concentration of CO; for 16 weeks passed the initial stage and reached the mid-term or
long-term reaction. In particular, a decrease in chlorophyll A, which is involved in carbon
fixation, is suggested by the feedback of accumulated soluble sugar and starch [50,52].
In a recent report, it was shown that in Populus grown at high CO, concentrations, the
content of carotenoids slightly decreased or remained unchanged [53]. This was in accor-
dance with the reduction in the level of carotenoids in our experiment (Figure 2). The
nitrogen content of the leaves can decrease and photosynthetic products do not move to
the sink organs and accumulate as starch, reducing the rate of photosynthesis [51]. This
photosynthetic acclimation is also consistent with the large increase in starch content at
elevated CO; concentrations in our results (Figure 3). In addition, we observed a decrease
in the expression of glycosyl hydrolase genes, which is related to the degradation of starch,
and is also consistent with the result of increasing starch content [51,54]. It is well known
that an increase in the soluble sugar content in cells inhibits photosynthetic genes [45,55].
In both Clivus and 1-476 seedlings we found an increase in the soluble sugar at elevated
COy concentrations, and this was associated with a decrease in the level of chlorophyll
A in both poplars (Figures 2 and 3). The presence of many DEGs in sucrose and starch
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metabolic pathways and the related physiological changes observed have confirmed the
influential changes in carbon partitioning affecting metabolic changes in poplar under high
CO; concentration.

Plants grown at elevated CO; concentrations have been reported to be more tolerant to
drought stress, as stomata can be kept small due to high CO, pressure [43]. We confirmed
that the overall level of proline increased at elevated CO,, which is thought to be helpful
in improving drought tolerance by affecting the intracellular osmotic pressure regulation
of proline (Figure 3). In this study, Clivus showed greater changes in carbon partitioning
and stress indicators than I-476. These observations shown in Clivus were operating more
pronouncedly at mildly (520 ppm) elevated CO, concentrations. As reported previously,
H,0; is produced primarily by plant cells during photosynthesis and photorespiration,
and affected by environmental stresses [31]. In our results, on the contrary, in I-476, H,O,
was increased even though photosynthetic pigment was decreased at an elevated CO,
concentration. The alterations in the stress-related indicators at elevated CO, concentrations
might be involved in overlapping stress and elevated CO, regulatory networks [56].

Here, we have studied the genetic response to elevated CO, on two poplar clones.
The transcriptome profiling of poplar clones in elevated CO, was utilized as an exploratory
data to find the gene response pattern. Due to the lack of statistical testing, transcriptome
data from this study has been interpreted with caution. We extracted common DEGs in
both clones that are responsive for the elevated CO; treatments. The common DEGs from
Clivus pooled mainly in HGRP and fatty acid metabolism, whereas for 1-476 they were
mainly HSPs and from diverse metabolic pathways. This correlates with the experimental
data, where in Clivus there is increased MDA production, reflecting the transcriptome
analysis showing more DEGs related to fatty acid metabolism. Lesser DEGs related to MDA
production were seen in I-476, which explains the lower MDA levels in this clone (Figure 4).
The HGRP-related DEGs correlates with the free sugar and proline increase at elevated
CO; in Clivus [57]. Small HSP maintain ROS homeostasis and cooperate with other stress-
related genes in response to diverse biotic and abiotic stresses to protect plant cells and
tissues [58]. In I-476, DEG analysis showed an evident HSP chaperone-based defense
mechanism involving scavenging of H,O,. By treating changes in CO, concentration, the
stress indicators such as MDA, proline, H,O,, and expression of HSP-related genes were
changed. In Clivus and 1-476, elevated CO; concentrations significantly decreased the
expression of sucrose synthase (SUS) genes. This reduction in expression level is related to
the fact that the regulation of photosynthetic amount was due to photosynthetic acclimation
and influenced the synthesis of sucrose, the first product of photosynthesis. The plant
glycogenin-like starch initiation protein (PGSIP)-like gene’s expression was also decreased
in both Clivus and 1-476. This seems to suggest that the decrease in starch synthesis
genes is related to the reduction in photosynthetic pigments and feedback regulation
of accumulated starch in leaves. Although, the transcriptome analysis throws light on
increased CO; concentration induced gene expression changes in these poplar clones,
the absence of biological replicates in transcriptome analysis warrants further studies for
increased specificity.

5. Conclusions

To summarize, our results present a transcriptome dataset and physiological analysis,
which contributes to the understanding of gene expression profiling in response to elevated
CO;. By comparing the transcriptome data of three different concentrations of CO,, we
found that many DEGs were identified as unique to Clivus and 1-476. In addition, this
study presented significant physiological alterations with respect to chlorophyll A and
carotenoids. Additionally, we reported alterations in starch and soluble sugar. Several
synthesis and degradation-related sucrose and starch genes showed altered expression
dynamics in our transcriptome and qRT-PCR analysis. The transcriptome data and physio-
logical response of poplars at elevated CO, presented here could serve as a resource for
further research on poplar trees in different CO, environments.
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