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Abstract: Tomatoes are a perishable and seasonal fruit with a high economic impact. Carbon
dioxide (CO2), among several other reagents, is used to extend the shelf-life and preserve the quality
of tomatoes during refrigeration or packaging. To obtain insight into CO2 stress during tomato
ripening, tomatoes at the late green mature stage were conditioned with one of two CO2 delivery
methods: 5% CO2 for 14 days (T1) or 100% CO2 for 3 h (T2). Conventional physical and chemical
characterization found that CO2 induced by either T1 or T2 delayed tomato ripening in terms of color
change, firmness, and carbohydrate dissolution. However, T1 had longer-lasting effects. Furthermore,
ethylene production was suppressed by CO2 in T1, and promoted in T2. These physical observations
were further evaluated via RNA-Seq analysis at the whole-genome level, including genes involved
in ethylene synthesis, signal transduction, and carotenoid biosynthesis. Transcriptomics analysis
revealed that the introduction of CO2 via the T1 method downregulated genes related to fruit ripening;
in contrast, T2 upregulated the gene encoding for ACS6, the enzyme responsible for S1 ethylene
synthesis, even though there was a large amount of ethylene present, indicating that T1 and T2
regulate tomato ripening via different mechanisms. Quantitative real-time PCR assays (qRT-PCR)
were used for validation, which substantiated the RNA-Seq data. The results of the present research
provide insight into gene regulation by CO2 during tomato ripening at the whole-genome level.

Keywords: tomato; tomato ripening; carbon dioxide; transcriptomics analysis; ethylene inhibition

1. Introduction

Tomatoes are one of the most economically important food crops, and belong to
Solanaceae family. The dietary consumption of tomatoes is linked to many health benefits.
Tomatoes contain lycopene, folate, and vitamins C and K, and are rich in minerals; it has
been reported that the consumption of tomatoes can reduce the risk of heart disease and
cancer [1,2]. These health benefits, coupled with their distinctive taste, make tomatoes
desirable and subject to high consumer demand. However, tomatoes are a perishable,
seasonal fruit. Worldwide tomato production in 2018 was more than 180 million tons (t), of
which only about 1/5 were consumed without processing; the largest proportion was used
for making canned tomatoes and tomato concentrates (https://www.globenewswire.com,
accessed on 10 September 2019). Preserving the quality of fresh tomatoes and extending
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their shelf-life remains a big challenge in the food industry, even though various strategies
have been developed, including the use of carbon dioxide [3,4].

Ethylene is a plant hormone that regulates climacteric fruit ripening, and a number
of studies have been conducted that analyze the ethylene profile during tomato ripening
and its response to adverse environmental conditions like low oxygen, high temperature,
etc. [3,5,6]. Among the promising technologies developed to regulate ethylene production
or to maintain food quality, the use of CO2 has attracted much attention due to its easiness
to obtain, low cost [7,8], and long history of safe use for producing luscious and ripe fruits
to be sold in grocery stores [9–11]. Research has found that CO2 can either promote or
inhibit ethylene production. It has been reported that the treatment of tomatoes, from the
breaker to the turning stage of the ripening process, with 80% CO2 flow for 24 h stimulated
ethylene production, but delayed the color change [12]. Other reports showed that the
application of 20% CO2 flow to tomatoes at the pink stage for 24 h [13], or at the light
red stage for 5 d [14], reduced ethylene production and suppressed color development.
Moreover, studies on climacteric plants that used modified air with CO2 content in the
range of <1% to 100% showed that the life cycle of the tomato plant could be affected by
elevated external CO2 from the biochemical aspects of biomass synthesis, sugar signaling
pathways, and hormonal crosstalk [12–16]. Based on the results of these previous studies, it
is clear that the presence of CO2 affects ethylene production and the downstream molecular
mechanisms that regulate fruit growth and ripening. Yet, it is still not clear how CO2 exerts
this effect on cellular activity. The use of pure CO2 may provide detailed information on
the extent and magnitude of this effect at the molecular level.

In this study, transcriptomics was applied in order to obtain insight into the effect
of CO2 stress, under post-harvest conditions, on tomato ripening at the genomic level.
Tomatoes were conditioned with gaseous CO2 at room temperature, and their differential
gene expression patterns were identified and the alteration of transcription during different
developmental stages was analyzed. The application of this advanced genome analysis
to elucidate the fruit ripening process at the molecular level provides a more detailed
understanding of fruit ripening; in addition, this information may also be utilized to
generate non-transgenic plants with improved fruit quality [17–20].

2. Materials and Methods
2.1. Tomato Fruit and CO2 Treatment

Tomatoes (Solanum lycopersicum L.) in the mature green stage with uniform shapes
and an average weight of 160–200 g per fruit were obtained from Coastal Sunbelt Produce,
LLC (Savage, MD, USA). The tomatoes were randomly sorted into three groups. Group
1 was treated with a mixed gas (5% CO2 and 95% air) at a flow rate of 75–100 mL/min
for 14 d (T1). Group 2 was treated with 100% CO2 gas at a flow rate of 2 L/min for 3 h
(T2). Group 3 was used as a control (CT; airflow at 75–100 mL/min for 14 d). For each
group, 6–7 tomatoes were loaded into an airtight jar (3.5 L) connected with a CO2 cylinder
(Air Products, Allentown, PA, USA) and an in-house air supply; gas filters, a gas mixer,
and gas flow meters were used to adjusted gas composition and maintain flow rate. At
each designated time point, two jars from each group were disconnected from the gas
supply lines, and the tomatoes were removed and placed on a storage rack maintained at
22–24 ◦C and 65–75% relative humidity (RH) for subsequent physiological examination,
RNA extraction, and characterization.

2.2. Characterization of Physical and Chemical Properties

Tomatoes from the T1, T2, and CT groups were examined for ethylene production,
color change, firmness, and soluble carbohydrate right before treatment and on days 3, 5, 7,
and 14 (d1, d3, . . . ).
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2.2.1. Ethylene Production

A tomato from groups T1, T2, and CT of known weight was placed in an airtight
jar (330 mL) on a lab bench. The sealed jar was subject to an ambient room temperature
of 22–24 ◦C for 60 min, and then, 100 µL of gas was withdrawn from the jar using an
airtight syringe and used to calculate ethylene production. The analysis was carried out on
a gas chromatograph (GC) (Hewlett-Packard 5890; Hewlett-Packard, Cupertino, CA, USA)
equipped with a flame ionization detector (FID) and a capillary column (30 m × 0.25 mm)
coated with 5% phenyl methyl silicon (0.25 µm in thickness). Samples were injected under
splitless conditions. The GC was programmed at an isothermal temperature of 30 ◦C, with
an injection temperature of 50 ◦C. The detector was operated at 230 ◦C. Helium was used
as the carrier gas at a 1.5 mL/min column flow. The amount of ethylene produced was
calculated against a standard curve, which was obtained with the same instrument and
operating conditions, using a known amount of ethylene gas. The production of ethylene
at each time point was divided by the fruit weight and expressed as ng/g/h. Each sample
was measured in triplicate.

2.2.2. Measurements of Color Change

The change in the color of the tomatoes over time was determined using images
taken via photography, and also measured using a color difference meter (ColorQuest XE;
HunterLab, Reston, VA, USA). The value of a*, representing the development from the
green to the red axis in the CIE color system, was used to determine surface color change
during the experiment, based on an average of 20 measurements around the circumference
(equatorial diameter) of each tomato.

2.2.3. Firmness Test

The firmness of the tomatoes was measured as resistance to compression using a
texture analyzer (Model TA-XT2; Stable Micro System, Godalming, UK). The whole tomato
was placed on a stationary steel plate with the stem end down. A 5 kg load cell was used
in conjunction with a round-headed probe (P/0.25 S, 1

4 spherical stainless) to compress the
tomato at a crosshead speed of 3 mm/min. For each tomato, 7 separate determinations of
force required to push the probe to a depth of 5 mm were obtained.

2.2.4. Total Soluble Carbohydrate Determination

The total soluble carbohydrates in the tomato juice were determined using a modified
phenol–sulfuric acid method [21]. Tomato juice was centrifuged at 8700 rpm for 10 min
at 22–24 ◦C. A fraction (0.5 mL) of the supernatant and 0.5 mL phenol solution (5%, w/v)
were added to a round bottom glass tube (10 mL) followed by the addition of 2.5 mL of
concentrated sulfuric acid. The tube was immediately capped, mixed well via vortex at
the highest speed for 5 sec, and boiled for an additional 15 min. The tubes were cooled
down to room temperature before reading the absorbance at 490 nm (UV-2600; Shimadzu,
Columbia, MD, USA). Blank samples were prepared via the same procedure using distilled
water. The carbohydrate content was calculated against a calibration curve prepared from
glucose of different concentrations.

2.2.5. RNA Extraction

RNA sample preparation and sequencing were performed as previously reported [22].
Briefly, RNA samples were extracted from the pericarps of tomatoes from the T1, T2,
and CT groups on days 0, 1, 3, and 7, and RNA extracted using an RNeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA). RNA concentrations were measured using a Nanodrop
Spectrophotometer (ThermoFisher, Foster City, CA, USA). RNA purity and integrity were
determined using the RNA Nano 6000 Assay Kit and an Agilent Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA) with an RNA integrity number (RIN) between
9.0 and 9.7 for all samples.
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2.3. RNA-Seq and Data Analysis

RNA sequencing and subsequent bioinformatic analysis were performed by Novo-
gene Bioinformatics Technology Co., Ltd. (Beijing, China). Sequencing libraries were
constructed using 3 µg of RNA per sample with the NEBNext Ultra RNA Library Prep Kit
and quantified using a Qubit 2.0 fluorimeter. The insert sizes were determined using an
Agilent 2100 Bioanalyzer. The library preparations were then sequenced on an Illumina
Sequencing System (Illumina HiSeq 2000; Illumina, San Diego, CA, USA) and 150 bp
paired-end reads were generated. Each sample treatment (T1, T2, and CT groups) was
sequenced in duplicate.

After filtering low-quality reads from the raw data, clean reads with a quality score
over Q20 were mapped against the S. Lycopersicum genome using TopHat v2.0.12 software.
Gene expression levels were determined based on reads per kilobase million (RPKM) of
mapped reads. Genes with q-values < 0.05 were considered differentially expressed genes
(DEGs). The comparison of DEGs between different groups was carried out using the
DESeq R package. The DEGs were used for Gene Ontology (GO) (Version 2.12.) analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG) (V2.0) enrichment analysis using
the KOBAS software.

2.4. Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Assays

The synthesis of cDNA was performed using an Applied Biosystems GeneAmp
PCR System 9700 (ThermoFisher, Foster City, CA, USA) as described previously [22].
Primers designed using Primer3 (v.0.4.0) software based on the gene sequences are listed in
Supplementary Table S1.

2.5. Statistical Analysis

The Student’s t-test was used to determine whether there were significant difference
between samples for all measurements.

3. Results
3.1. Changes in the Phenotypes of Tomatoes Induced by Carbon Dioxide

The ethylene production of tomatoes at the beginning of the experiment, d0, was
~2 ng/g/h for all groups (Figure 1a), indicating that all the tomatoes were in the MG3
growth stage, or the late stage of mature green [23,24]. In the control group (CT), ethylene
production stayed at 2 ng/g/h for the first 3 days and was followed by a sharp increase
during the following 4 days, reached peak levels on d7, and then, gradually decreased to a
constant level by d14; the color of the tomatoes in the CT group turned to orange-pink by
d3 (Figure 1b), and became totally red by d7. In comparison with the CT group, significant
inhibition of ethylene synthesis occurred for tomatoes in the T1 group throughout the
whole experiment (Figure 1a). The examined tomatoes before treatment appeared green
in color; the shade of green varied from light to dark (Figure 1b). The tomatoes in the
T1 group maintained their green color for 7 days (Figure 1b), and then, remained pink
until the experiment was terminated. The differences in the ethylene production and
color development between groups CT and T1 were closely associated with the changes in
a* values (Figure 1c), firmness (Figure 1d), and soluble carbohydrates (Figure 1e).
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Figure 1. Changes in phenotypes induced by exogenous CO2. (a) Ethylene production; (b) photos of
tomatoes; (c) a* values; (d) firmness; and (e) soluble carbohydrates. Error bars indicate the standard
deviation of three replications. (�) CT, (•) T1, (N) T2; # p < 0.05 (Student’s t-test).

In contrast to the T1 group, the measured ethylene production of the T2 group was
about 2.5 and 1.4 times that of CT on d3 and d7, respectively. The ethylene production
of the T2 group gradually decreased thereafter, approaching levels similar to those of the
CT group on d14 (Figure 1a). The color of the T2 group tomatoes turned from green to
slightly pink by d3 but became as red as the CT group tomatoes by d7 (Figure 1b). The
measurements of CIE color value and firmness in the T2 group were higher than in the
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CT group on d3, and the differences in the a* value and firmness of the tomatoes between
groups T2 and CT became negligible by d7 (Figure 1c,d). Furthermore, both T2 and CT
tomatoes had similar extraction curves for soluble carbohydrates (Figure 1e).

The two CO2 delivery methods had opposite effects on ethylene production, yet they
had the same trends for other components of tomato ripening (color change, firmness,
soluble carbohydrate). In this context, the genes encoding for ethylene biosynthesis and
signal processing, for differentiation from chloroplast to chromoplast, and for cell-wall
degradation are discussed in the following sections.

3.2. Transcriptome and Bioinformatics Analysis

Total RNA was extracted from the pericarps of tomatoes in groups T1, T2, and CT on
days 3 and 7 after treatment. These time points were selected because they demonstrated
the largest differences in ethylene production between T1, T2, and CT. RNA-Seq generated
62.7–92.8 million reads for each sample, with a quality score of ≥Q20 for 97% of the raw
reads. Clean reads ranging from 60.1 to 89.2 million per sample were obtained after filtering.
Approximately 53–82% of clean reads could be mapped to the tomato reference genome
(Table 1). Uniquely mapped reads comprised more than 53% of the total clean reads, and
multiple-mapped reads accounted for less than 0.8%, indicating that the sequencing results
were relatively stable. The uniquely mapped RNA-Seq data were used to analyze changes
in the cellular transcriptome induced by CO2.

Table 1. Throughput and quality of RNA sequencing data.

Sample Name * Raw Reads Clean Reads Q20 ** (%) Total Mapped Multiple-Mapped Uniquely Mapped

CTd3 1 65,773,470 63,817,890 97.28 51,738,379 (81.07%) 454,994 (0.71%) 51,283,385 (80.36%)
CTd3 2 73,676,038 71,179,598 97.14 57,513,775 (80.8%) 581,015 (0.82%) 56,932,760 (79.98%)
CTd7 1 64,366,640 61,793,974 96.93 35,012,094 (56.66%) 256,136 (0.41%) 34,755,958 (56.24%)

CTd7 2 62,739,824 60,506,740 97.14 32,240,221 (53.28%) 244,883 31,995,338 (52.88%)−0.40%
T1d3 1 82,567,552 79,299,482 97.06 58,963,542 (74.36%) 461,800 (0.58%) 58,501,742 (73.77%)
T1d3 2 64,498,224 62,077,256 96.97 51,142,314 (82.38%) 375,820 (0.61%) 50,766,494 (81.78%)

T1d7 1 90,148,126 86,721,258 97.16 64,317,498 (74.17%) 518,547 63,798,951 (73.57%)−0.60%
T1d7 2 92,821,490 89,213,582 97.04 57,915,789 (64.92%) 458,066 (0.51%) 57,457,723 (64.4%)
T2d3 1 74,724,698 72,157,326 97.23 51,476,059 (71.34%) 325,579 (0.45%) 51,150,480 (70.89%)
T2d3 2 76,499,736 74,025,794 97.24 45,151,183 (60.99%) 283,328 (0.38%) 44,867,855 (60.61%)
T2d7 1 73,727,656 70,981,232 97.09 38,103,699 (53.68%) 266,548 (0.38%) 37,837,151 (53.31%)
T2d7 2 70,278,582 67,611,036 96.99 49,525,905 (73.25%) 354,644 (0.52%) 49,171,261 (72.73%)

* Sample names, combining the letter and number of “d3” and “d7” after the group name (CT, T1, or T2) in this
Table and throughout all Tables and Figures and the text, indicate the sampling day after treatment. For example,
“T1d3” denotes samples that were taken from the T1 group on day 3 after CO2 treatment, and the suffix (1 or 2) is
the testing number; ** Q20 is a quality score indicating that the probability of an incorrect base call is 1 in 100.

A significant number of genes from groups T1, T2, and CT with different abundances
were detected. Among them, approximately 50% contained fragments per kilobase million
(FPKM) ≥ 1. The variations in the significantly differentially expressed genes (DEGs) from
groups T1, T2, and CT on d3 (T1d3, T2d3, and CTd3) and d7 (T1d7, T2d7, and CTd7) are
shown in Figure 2. In comparison with CTd3, 3181 DEGs were significantly upregulated
and 3943 were downregulated in T1d3 (Figure 2a); 3425 DEGs were significantly upreg-
ulated and 3616 were downregulated in the T2d3 group (Figure 2b). When compared
to CTd7, T1d7 contained 4110 upregulated DEGs and 4187 downregulated (Figure 2c),
while only 312 DEGs were upregulated and 293 downregulated in T2d7 (Figure 2d). In
comparison to T1d7 to T2d7, there were 4383 upregulated genes and 4266 downregulated
(Supplementary Figure S1). These results indicate that both methods of CO2 treatment,
either with continuous 5% CO2 flow for the entire experiment (T1) or with nearly 100%
gaseous CO2 for only 3 h (T2), are able to modulate gene expression in treated tomatoes;
however, the T1 method has a stronger and more long-term influence on measurable,
physical characteristics compared to T2.
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Figure 2. Volcano plot of significant DEG numbers of CO2 treated tomatoes on (a) T1d3:CTd3;
(b) T2d3:CTd3; (c) T1d7:CTd7; and (d) T2d7:CTd7.

Next, all identified DEGs were clustered using hierarchical analysis, and the overall
results are summarized in Figure 3. In the heatmap, red and blue colors represent genes
with higher and lower expression levels, respectively; the color transition from red to
blue indicates a change in gene expression from a high to a low level. The expression
levels for the identified DEGs in T2 and CT display a more similar pattern on d7 than
d3. This indicates that the administration of CO2 had only a transient effect on gene
expression for the T2 group, and the levels returned to those similar to the control by day 7
post-exposure. This observation is supported by the results in Figure 1. Conversely, the
pattern of gene expression for both T1d3 and T1d7 is highly divergent from CTd3 and
CTd7, indicating that differential expression between these groups occurred after exposure
and was maintained until the end of the experiment. These results match the ethylene
production profile depicted in Figure 1.

Next, bioinformatics analysis was applied to cluster the functional genes into different
bioprocesses using Gene Ontology (GO) and the KEGG pathway. The distribution of
DEGs into biological processes (BP), cellular components (CC), and molecular function
(MF) were investigated via GO analysis. A total of 10 BP terms and 20 CC terms in
T1d7:CTd7 (Figure 4a), as well as 4 BP terms and 2 MF terms in T2d7:CTd7 (Figure 4b),
were significantly enriched, suggesting that these genes are most strongly regulated by CO2
application. Consequently, when T1 was compared to T2 on day 7, 8 BP terms and 22 CC
terms were significantly enhanced (Supplementary Figure S2). KEGG analysis showed that
the biosynthesis of amino acids and pyruvate metabolism in the two comparison groups
of “T1d7:CTd7” and “T1d7:T2d7” were among the most significantly enriched pathways
(p < 0.05 and q < 0.05). Beta-alanine metabolism in “T1d7:CTd7”, second metabolite and
flavonoid biosynthesis, and plant–pathogen interaction pathways in “T2d7:CTd7”, as
well as the glycolysis/gluconeogenesis pathway in “T1d7:T2d7”, were also significantly
influenced (p < 0.05 and q < 0.05; Figure 4c,d, and Supplementary Figure S3).
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3.3. DEGs Encoding for Ethylene Synthesis and Signal Transduction

Previous results [12–14] have indicated that the effects of CO2 on tomato ripening
are related to ethylene production. In the present study, 39 genes that were differentially
expressed in response to CO2 treatment and involved in ethylene synthesis and signal
transduction were evaluated. Four genes encoding for methionine adenosyltransferase
synthesis (Solyc10g083970, Solyc09g008280, Solyc12g099000, and Solyc01g101060) were
regulated by CO2 treatments (Table 2). The gene encoding for S-adenosylmethionine
synthase 2 was upregulated by both T1 and T2 treatments on day 3; however, for the T2
group, the level of expression returned to normal, while for the T1 group, the level of
expression remained significantly upregulated on day 7. The most noticeable difference in
the gene expression of S-adenosylmethionine synthase between T1 and T2 was for the gene
Solyc09g008280, which was inhibited in the T1 group yet significantly upregulated on d7
for the T2 group (T2d7:CTd7). The expression level of the gene Solyc01g010106 encoding
for S-adenosylmethionine synthase 1 was statistically enhanced by T2 on d3, while it was
downregulated on d7 by both T1 and T2 treatment.
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Six genes encoding for 1-aminocyclopropane-1-carboxylate synthase (ACS) and an-
other six genes encoding for 1-aminocyclopropane-1-carboxylate oxidase (ACO) were
found to be differentially expressed among the samples. Out of the 48 samples examined,
43 exhibited downregulation of ACS and ACO, indicating the inhibitive effect of CO2 on
ethylene production. However, five samples displayed an increase in expression. The
highest increase was for the ACO gene Solyc02g081190, which was significantly upreg-
ulated by T1 and T2 treatments on day 3 by 21.22% and 73.99%, respectively. For the T1
group, this remained significantly enhanced by day 7, but for the T2 group, expression
was not detected on day 7. Additionally, the ACS gene Solyc01g095080 was significantly
upregulated by T2 treatment on d7. The differential expression of the gene Solyc08g008100
for T2 was statistically higher on d3 compared to the control (Figure 5, Table 2).
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Table 2. DEGs involved in ethylene synthesis (fold change).

Gene ID Annotation T1d3:CTd3 T2d3:CTd3 T1d7:CTd7 T2d7:CTd7

Solyc10g083970 S-adenosylmethionine synthase - - - -
Solyc09g008280 S-adenosylmethionine synthase 3 - - - 4.02
Solyc12g099000 S-adenosylmethionine synthase 2 3.83 3.73 2.11 -
Solyc01g101060 S-adenosylmethionine synthase 1 - 3.21 0.32 0.65
Solyc08g008110 1-aminocyclopropane-1-carboxylate synthase 0.13 - - -
Solyc08g008100 1-aminocyclopropane-1-carboxylate synthase 6 0.34 5.2 - -
Solyc05g050010 1-aminocyclopropane-1-carboxylate synthase 4 0.01 0.01 0 -
Solyc01g095080 1-aminocyclopropane-1-carboxylate synthase 2 - 0.09 - 2.79
Solyc08g081550 1-aminocyclopropane-1-carboxylate synthase 1a - - 0.29 -
Solyc08g081540 1-aminocyclopropane-1-carboxylate synthase 1b 0.2 - - -
Solyc07g049530 1-aminocyclopropane-1-carboxylate oxidase 1 0.38 0.31 0.49 -
Solyc09g089580 1-aminocyclopropane-1-carboxylate oxidase-like protein 0.07 0.01 0.07 -
Solyc02g081190 1-aminocyclopropane-1-carboxylate oxidase 4 21.22 73.99 8.96 -
Solyc07g049550 1-aminocyclopropane-1-carboxylate oxidase 0.12 0.03 0.31 0.29
Solyc07g026650 1-aminocyclopropane-1-carboxylate oxidase 5 0.05 - 0.17 -
Solyc02g036350 1-aminocyclopropane-1-carboxylate oxidase 0.14 - 0.07 -
Solyc09g089580 1-aminocyclopropane-1-carboxylate oxidase-like protein 0.07 0.01 0.07 -

All data shown in this table are statistically significant; “-” indicates statistically non-significant.

Ethylene signal transduction is another important element in regulating the biochem-
ical processes initiated by ethylene binding. Compared to the CT group, the expres-
sion levels of the genes Solyc05g055070 (ethylene receptor), Solyc09g075440 (never ripe),
Solyc07g008250 (EIN3-, F-box protein), and Solyc12g009560 (EIN3-binding F-box protein 1)
were dramatically downregulated on d3 for the T1 group; in addition to these four genes,
Solyc09g007870 (Ethylene insensitive 2) was also downregulated on d7. Compared to the
CT group on d3, three genes were suppressed in the T2 group, including Solyc09g075440
(never ripe); six genes were significantly upregulated, including Solyc09g007870 (ethylene
insensitive 2) and Solyc12g009560 (EIN3-binding F-box protein 1), both of which interact
with EBF1 and -2 and are considered transcriptional regulators that are important for
ethylene signaling [25]. The ripening of T2 tomatoes occurred over time, and by d7, no
significant differences between T2 and CT could be detected, except for the three genes en-
coding for ethylene response factors a2, c6, and e3, which were significantly downregulated
in T2 (Figure 5, Table 3).

One critical element that influences signal transduction is DNA methylation [26–30].
There were nine genes involved in epigenetic modification detected in this experiment,
with six genes encoding for DNA methyltransferase and three genes for DNA demethylase
(Table 4). Compared to the CT group, two DNA demethylase-encoding genes, Solyc10g083630
and Solyc11g007580, were downregulated in the T1 group on d3 and d7, and in the T2 group
on d3 only. In addition, a cytosine-5 DNA methyltransferase gene, Solyc02g062740, was
found to be downregulated in the comparison groups “T1:CT” and “T2:CT” on d3 and d7,
but the decrease was statistically significant only for tomatoes treated with the T1 method.
Two DNA methyltransferase genes, Solyc11g030600 and Solyc12g100330, were upregulated
in the comparison group “T1d3:CTd3”. Interestingly, no significant differences in DNA
methylation/demethylation were detected between T2 and CT on d7.
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Table 3. Genes involved in ethylene signal transduction (fold change).

Gene ID Annotation T1d3:CTd3 T2d3:CTd3 T1d7:CTd7 T2d7:CTd7

Solyc05g055070 Ethylene receptor 0.4 - 0.52 -
Solyc06g053710 Ethylene receptor homolog (ETR4) - - - -
Solyc09g075440 Never ripe 0.11 0.33 0.06 -
Solyc09g009090 CTR1-like protein kinase 3 - - - -
Solyc10g083610 Ethylene-inducible CTR1-like protein kinase - - - -
Solyc09g007870 Ethylene insensitive 2 - 1.58 0.52 -
Solyc01g014480 Ethylene insensitive 3 class transcription factor - - 1.91 -
Solyc07g008250 EIN3-binding F-box protein 0.37 - 0.24 -
Solyc12g009560 EIN3-binding F-box protein 1 0.62 2.31 0.42 -
Solyc01g095500 Ethylene response factor g1 - - -
Solyc01g065980 Ethylene response factor e4 0.05 0.43 0.02 -
Solyc06g082590 Ethylene response factor e3 7.82 4.23 13.31 0.39
Solyc09g075420 Ethylene response factor e1 - 0.54 - -
Solyc10g050970 Ethylene response factor d4 0.14 - 145.91 -
Solyc01g108240 Ethylene response factor d3 - - - -
Solyc12g056590 Ethylene response factor d2 - 1.66 5.67 -
Solyc04g051360 Ethylene response factor d1 0.27 - 17.94 -
Solyc03g093560 Ethylene response factor c6 0.19 0.38 0.04 0.1
Solyc02g077370 Ethylene response factor c5 43.87 37.77 128.16 -
Solyc03g123500 Ethylene response factor c4 0.36 0.53 0.26 -
Solyc09g066360 Ethylene response factor c3 7.58 87.66 - -
Solyc04g014530 Ethylene response factor c2 - -
Solyc03g093610 Ethylene response factor a2 0.13 - 0.26 0.24

All data shown in this table are statistically significant; “-” indicates statistically non-significant.
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Table 4. DEGs associated with DNA methylation (fold change).

Gene ID Annotation T1d3:CTd3 T2d3:CTd3 T1d7:CTd7 T2d7:CTd7

Solyc11g030600 DNA (Cytosine-5)-methyltransferase 1.68 1.69 - 0.61
Solyc12g100330 Cytosine-specific methyltransferase 1.93 0.69 1.87 -
Solyc08g005400 Cytosine-specific methyltransferase - - 3.19 -
Solyc02g062740 DNA (Cytosine-5-)-methyltransferase 3 0.59 - 0.63 -
Solyc10g078190 DNA (Cytosine-5-)-methyltransferase 3 - - 2.15 -
Solyc04g005250 DNA (Cytosine-5-)-methyltransferase 3 - - - -
Solyc09g009080 Repressor of silencing 1 - 2.27 3.1 -
Solyc10g083630 Repressor of silencing 2b 0.06 0.25 0.05 -
Solyc11g007580 HhH-GPD family protein 0.24 0.74 0.31 -

All data shown in this table are statistically significant; “-” indicates statistically non-significant.

3.4. DEGs Encoding for Color Change and Cell-Wall Degradation

Table 5 shows the genes identified that were involved in lycopene synthesis in response
to exogenous CO2. The genes Solyc01g097810 (zeta-carotene desaturase), Solyc03g031860
(phytoene synthase 1), and Solyc02g081330 (phytoene synthase 2) were downregulated in
the T1 group throughout the experiment, while a decrease in these genes’ expression was
only detected on d3 for the T2 group.

Table 5. DEGs associated with carotenoid metabolism (fold change).

Gene ID Annotation T1d3:CTd3 T2d3:CTd3 T1d7:CTd7 T2d7:CTd7

Solyc02g090890 Zeaxanthin epoxidase 6.63 16.54 0.46 -
Solyc01g097810 Zeta-carotene desaturase 0.21 0.26 0.15 -
Solyc02g081330 Phytoene synthase 2 0.29 - 0.19 -
Solyc03g031860 Phytoene synthase 1 0.05 0.05 0.01 -
Solyc10g079480 Beta-lycopene cyclase - 16.09 61.63 -
Solyc04g040190 Lycopene beta-cyclase 0.21 - 0.12 -
Solyc06g074240 Lycopene beta cyclase 0.14 0.05 - -
Solyc10g083790 Cytochrome P450 - - - -
Solyc10g081650 Carotenoid isomerase 0.1 0.28 0.08 -
Solyc03g007960 Beta-carotene hydroxylase-2 0.07 0.07 0.01 -
Solyc01g009230 Xanthine dehydrogenase/oxidase 2.76 2.37 - 0.48
Solyc01g108210 Cytochrome P450 6.52 5.71 - -
Solyc03g123760 Phytoene desaturase 0.11 0.3 0.08 -
Solyc04g050930 Violaxanthin de-epoxidase 0.06 0.22 0.06 -
Solyc04g051190 Cytochrome P450 - - - -
Solyc04g071940 Xanthoxin dehydrogenase 0.5 0.48 0.29 -

All data shown in this table are statistically significant; “-” indicates statistically non-significant.

It was also found that expression of the zeaxanthin epoxidase encoding-gene
(Solyc02g090890) was significantly upregulated on d3 but suppressed on d7 in both groups
T1 and T2. Lycopene beta-cyclase genes (Solyc04g040190 and Solyc06g074240), carotenoid
isomerase (Solyc10g081650), and beta-carotene hydroxylase-2 (Solyc03g007960) were down-
regulated in the comparison group “T1:CT” on both d3 and d7, whereas a gene encoding
for beta-lycopene cyclase (Solyc10g079480) was upregulated. In the comparison group
“T2d7:CTd7”, no statistically significant differences were detected for most of these genes.
Genes encoding for xanthine dehydrogenase/oxidase (Solyc01g009230) and cytochrome
P450 (solyc01g108210) were upregulated on d3 in both comparison groups “T1:CT” and
“T2:CT”.

A set of genes related to polysaccharide synthesis and association have been demon-
strated to be crucially important for cell-wall degradation, including those encoding for
polygalacturonase (Solyc10g080210 and Solyc06g060170), pectinesterase (Solyc03g083360
and Solyc07g017600), beta-xylosidase (Solyc01g104950, Solyc02g091680, and Solyc10g047030),
pectate lyase (Solyc03g111690 and Solyc09g091430), and expansin (Solyc06g051800 and
Solyc10g086520). All these genes were statistically downregulated in both the comparison
groups “T1d3:CTd3” and T1d7:CTd7” (Table 6). Among these genes, the expression levels
of Solyc03g083360, Solyc02g091680, Solyc09g091430, and Solyc06g051800 were significantly
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decreased. The decrease in the transcription of these genes in the T1 group supports the
findings in Figure 1, where tomatoes in the T1 group remained green and were significantly
firmer compared to the control.

Table 6. DEGs associated with cell-wall degradation (fold change).

Gene ID Annotation T1d3:CTd3 T2d3:CTd3 T1d7:CTd7 T2d7:CTd7

Solyc10g080210 Polygalacturonase-2 precursor 0 0 0 2.22
Solyc06g060170 Probable polygalacturonase-like - - - -
Solyc12g098340 Probable pectinesterase 29-like - - - -
Solyc03g083360 Probable pectinesterase 0.13 0.52 - -
Solyc03g078090 Probable pectinesterase - - - -
Solyc07g017600 Pectinesterase 0.03 - - -
Solyc09g010210 Endo-1,4-beta-glucanase precursor 0.01 - 0 -
Solyc02g091680 Probable beta-D-xylosidase 6-like 0.3 0.47 0.32 -
Solyc01g104950 Beta-xylosidase 0.27 - - -
Solyc10g047030 Beta-D-xylosidase 1 precursor 0 - 0.01 -
Solyc09g005850 Probable pectate lyase 4-like - - - 2.09
Solyc03g111690 Probable pectate lyase 18-like 0 0.02 0 -
Solyc09g091430 Probable pectate lyase 15-like 0.01 0.33 0.01 5.85
Solyc03g031840 Expansin precursor - 11.81 - -
Solyc06g051800 Expansin 1 0.09 0.13 0 -
Solyc10g086520 Expansin precursor 6 0.22 0.18 - -
Solyc02g088100 Expansin precursor 5 - 14.93 - -

All data shown in this table are statistically significant; “-” indicates statistically non-significant.

3.5. DEGs Encoding for Stress Resistance Induced by CO2 Treatment

The DEGs involved in the stress response pathways are listed in Figure 6. In the
heatmap, the samples (in rows) and genes (in columns) are both hierarchically clustered
so that genes with more similar transcription patterns are adjacent, and so are the sam-
ples. What we can see clearly here is that tomatoes treated with the T1 method are the
most distinct. The T2 samples at timepoint d7 are similar to the control samples, and
the T2 samples from timepoint d3 are more similar to the T1 samples, but still differ-
ent. The results are also shown in Supplementary Table S2. The genes encoding for
enzymes offering resistance to stress include heat shock proteins (Solyc07g047790 and
Solyc08g078700), a late embryogenesis-abundant protein (Solyc09g008770), amino oxidase
family proteins (Solyc07g043590 and Solyc02g081390), dehydrin DHN1 (Solyc02g084840),
glutaredoxin (Solyc09g005620), zeaxanthin epoxidase (Solyc02g090890), and homeobox
protein (Solyc07g007120). These genes are not only induced by CO2, but are also stimulated
by heat, light, drought, and other abiotic and biotic stress, thereby playing a key role in
acclimation to environmental stress conditions [31–33].

CO2 stress also introduced changes in expression for genes encoding various distinct
functions, such as Solyc02g088630, which is a glycotransferase that participates in oligo-
/poly-saccharides and glycoconjugate biosynthesis, and regulates functions from structure
and storage to signaling; Solyc02g089540, which plays a key role in controlling flower
time; and Solyc02g086670, which has a significant role in cellular processes, especially
in phosphorylation. The genes Solyc08g082210 and Solyc02g091700 are also involved in
the disease resistance pathway. Differential expression of a group of genes that directly
responded to the fruit ripening process was also found to be regulated by CO2 stress. These
include genes such as Solyc02g081330, which plays a role in the biosynthesis of carotenoids;
Solyc02g090890, which is involved in carotenoid degradation; Solyc08g079180, which codes
for protein translocation and cell-wall stability; Solyc02g091700, which codes for a cell-wall
components and plays a role in cell shape; Solyc02g087060, which is an integral component
of the cell membrane; and Solyc08g082210, which is part of the ethylene signaling pathway.
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3.6. Correlation of Gene Expression Data from RNA-Seq and qRT-PCR

qRT-PCR was used to validate the RNA-Seq data. From the results of the transcrip-
tomics analysis of the comparison groups “T1:CT”, “T2:CT”, and “T1:T2” on d7, 10 genes
with different levels of expression were randomly selected from each group for a RT-PCR as-
say. This assay illustrated a similar expression pattern between the two analytical methods
with an acceptable correlation coefficient of R2, falling between 0.84 and 0.88, indicating the
reliability of the RNA-Seq results. Figure 7 shows that the gene expression data obtained
from RNA-Seq correlated very well with the qRT-PCR assay.
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4. Discussion

Tomatoes are climacteric fruits characterized by a surge in ethylene biosynthesis at
the onset of ripening. Tomato ripening occurs due to the activation of a series of molec-
ular pathways that determine changes in appearance and nutrition, pigmentation levels,
the production of volatiles, sweetness and acidity, and the promotion of tissue soften-
ing [34–36]. Figure 8 illustrates the current understanding of the correlation between
ethylene biosynthesis during a tomato’s growth and ripening and its morphophysiolog-
ical steps. System 1 (S1, auto-inhibitory) is responsible for producing basal ethylene
levels during fruit growth, while system 2 (S2, auto-catalytic) operates during climacteric
ripening. The pathway of ethylene biosynthesis in both S1 and S2 can be simplified into
3 steps: Step I, Methionine (precursor) → S-adenosylmethionine (intermediate, SAM);
Step II, SAM → 1-aminocyclopropane-1-carboxylate (intermediate, ACC); and Step III,
ACC → Ethylene. These three steps are catalyzed by methionine adenosyltransferase
(MAT), 1-aminocyclopropane-1-carboxylate synthase (ACS), and 1-aminocyclopropane-1-
carboxylate oxidase (ACO), respectively [9,17,34]. In the present study, tomato ripening
was investigated via RNA-Seq analysis to capture accurate information on the process and
mechanism at the molecular and genetic levels, which simple genome sequence analysis
cannot provide. Tomato fruits in late mature green stage (MG3, right before the breaker
stage) were chosen for this study because at this growth stage, the seeds are mature and
ready for dispersal. This development drives the fruit to undergo ripening, and thus, the
regulation of ethylene production transitions from system 1 to system 2 [10]. The tomatoes
in this study were subjected to one of two CO2 conditions, T1 (5% CO2, 14 d) or T2 (pure
CO2, 3 h), in order to further understand the role of CO2 stress on the ripening process.
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stress so much that there was subsequent overcompensation in ethylene production upon 
CO2 removal. On d7, highly expressed ACS2 carried out the transition from S1 to S2; fur-
thermore, ACS2 in combination with ACS4 promoted peak ethylene production. Ethylene 

Figure 8. Tomato fruit ripening: regulation of ethylene production and its response.

Although 14 ACS genes and 6 ACO genes have been identified in the tomato
genome [17,36–38], only 6 ACS and 6 ACO genes exhibited significantly different ex-
pression levels in response to CO2 treatment in the present study (Figure 5, Table 2). For
the T1 group, all genes encoding for ethylene synthesis and signal transduction were
significantly downregulated. These results matched well with the ethylene production
profile shown in Figure 1a, except for ACO4 synthesis. The higher expression level of the
gene Solyc12g099000 revealed that the formation of MAT, step I of ethylene biosynthesis,
was the driving force of ethylene production for the tomatoes treated with the T1 method.
This was consistent with the finding shown in Figure 4c, where the biosynthesis of amino
acids was the most enriched KEGG pathway for tomatoes in the T1 group.
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For the T2 group, two important genes encoding for ACS6 and ACS2 were significantly
upregulated on d3 and d7, respectively. It is generally accepted that ACS6 is expressed
before the onset of tomato ripening and inhibited by ethylene [10,11,39]. In the present
experiment, the high expression level of ACS6 at the early stage was accompanied by a large
amount of ethylene production (Figure 1a), implying that another mechanism was used to
regulate Solyc08g008100 gene expression. Perhaps the 100% CO2 increased stress so much
that there was subsequent overcompensation in ethylene production upon CO2 removal.
On d7, highly expressed ACS2 carried out the transition from S1 to S2; furthermore, ACS2 in
combination with ACS4 promoted peak ethylene production. Ethylene regulates ripening
by binding to the ethylene receptor and activating signal transduction pathways [10,22]. In
comparison with the T1 method, the CO2 induced by the T2 method further suppressed
Solyc09g075440 gene expression and activated the positive regulatory molecule ethylene
insensitive 2 (Table 3); all of these factors together impacted ethylene production during
the entire process of tomato ripening.

DNA methylation is carried out by DNA methyltransferases; the level of DNA methy-
lation found here varied depending on the ripening stage of the tomatoes. During the
development stage of fruit, the promotor regions of the ACS or ACO genes are hyper-
methylated, while they are demethylated during the ripening stage [10,17]. As reported,
transcription starts upstream of the DNA strand adjacent to the promoter sequences; the
binding affinity of transcription factors is influenced by chemical modifications of the
cytosine or histone groups of DNA [10,17] that result in the modulation of gene tran-
scription. As shown in Table 4, CO2 induced by T1 treatment activated genes encoding
for epigenetic modification on d3 and d7, while the effect of T2 treatment could only be
observed on d3. Based on these results, it could be proposed that the introduction of CO2
using two different treatments resulted in different levels of gene expression due to the
methylation and demethylation of DNA promoters, thereby contributing to the inhibition
of ethylene production.

The red color of a tomato is indicative of its mature stage, and is due to accumulation
of carotenoid metabolites and lycopene in the fruit. The metabolic pathway, which is
associated with the degradation of chlorophyll and the transition from xanthophyll to
lycopene and carotene, has been studied intensively. A set of genes encoding for the
multi-step bioprocess has been verified [26,40–45]. Phytoene formation is the first step of
carotenoids biosynthesis. Phytoene is converted into ζ-carotene, and then, to lycopene
by desaturase. In the present research, a set of upstream carotenoid enzymes, which
catalyze the conversion of geranyl pyrophosphate to phytoene or control the differentiation
of organelles, which serve as storage for the carotenoid pigment, were downregulated
by T1 treatment on both d3 and d7, but their decrease was only detected on d3 for T2
treatment. Similarly, a difference between T1 and T2 was observed for the downstream
genes encoding for carotenoid synthesis enzymes. Carotenoid biosynthesis is subjected
to the influence of multiple intrinsic and environmental stimuli. Studies on stimulus-
dependent transcriptional regulation have found that light, ethylene, and auxin may play a
role in signaling interactions to control tomato carotenoid biosynthesis [46]. Our results
show less of a relationship between the ethylene produced and color change, indicating
that the regulation mechanism could have been different even though the stimulus was the
same, i.e., CO2, if the stimulus was delivered via different approaches.

Tomato ripening is accompanied by cell-wall degradation and intercellular adhesion
weakening, which result in fruit softening. The CO2 treatment here, either via the T1 or T2
method, delayed tomato ripening, and thus, downregulated enzyme activities that catalyze
cell-wall polysaccharide degradation or disrupt cellulose–hemicellulose association, such
as galacturonase, pectinase, xyloxidase, expansin, and pectate lyase, among others [19,47].
However, the effect introduced by the T1 method extended to both d3 and d7, while
T2 treatment only had an effect on d3, despite the two pectate lyase genes that were
upregulated (Figure 1d,e).
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The abiotic stress induced by CO2 treatment affects many aspects of the tomato
lifespan, such as mature processing, protein synthesis, DNA synthesis and repair, signal
transduction, metabolism and secondary metabolism, and cell differentiation. From the
point of view of strength and duration, the effect of stress induced by T1 was recorded
on both d3 and d7, while the effect of T2 was observed on d3 in most cases (Figures 1b–e
and 4, Tables 4–6). However, ethylene synthesis is the exception (Figure 1a, Tables 2 and 4),
where treating the tomatoes with pure CO2 for only 3 h promoted ethylene production for
12 days via a distinct mechanism that was different from treatment with the T1 method.
The treatments with T1 and T2 resulted in distinct gene expression changes, indicating the
complexity and inter-dependency of metabolic modification in tomatoes in response to
abiotic stress [48–51].

5. Conclusions

The exposure of tomatoes to 5% CO2 for 14 days (T1) downregulated genes encoding
for fruit ripening; the exposure of tomatoes to pure CO2 for 3 h (T2) upregulated the
gene encoding for ACS6, the enzyme responsible for S1 ethylene synthesis, even though
there was a large amount of ethylene present, indicating that T1 and T2 regulate tomato
ripening via different mechanisms. The two different CO2 delivery systems resulted in
three different patterns of gene expression during tomato ripening. A group of genes was
more sensitive to T1, and was either promoted or suppressed. Another group of genes was
more sensitive to T2, and was either promoted or suppressed. The third group of genes was
not associated with stress intensity and duration; perhaps their activation was the result of
a series of genes’ cross-actions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/sci5030026/s1, Figure S1: A volcano plot of significant
DGE numbers of CO2-treated tomatoes on day 7, T1:T2; Figure S2: The most enriched GO terms in
T1 vs. T2 on d7. Asterisks (*) indicate q < 0.05. Figure S3: KEGG pathway analysis of T2 vs. T1 on d7;
brown bars, q < 0.05, p < 0.05; pink bars, q < 0.05, p > 0.05. Table S1: Primer sequences used in q-PCR
assays. Table S2: Differential Expression of genes due to CO2 stress (fold change).
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