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ABSTRACT

Heat and drought are prominent abiotic stressors that limit crop productivity and yield, particularly concerning
climate change; therefore, understanding the molecular mechanisms underlying plant stress responses is crucial
for stress-tolerant crop production. This study conducted a transcriptomic analysis to elucidate how garlic
(Allium sativum L.) responds to drought and heat stress conditions. Transcriptome libraries were generated to
identify differentially expressed genes (DEGs) induced by drought and heat stresses. Functional classification
and clustering analysis of DEGs revealed stress-specific gene expression patterns. Notably, cell wall-related genes
were implicated in the drought response, whereas heat stress was associated with heat stress transcription factors
and heat shock proteins. Our results provide essential information for future studies on stress tolerances in garlic.
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1 Introduction

Heat stress, defined as soil and air temperatures elevated beyond a critical threshold, and drought,
characterized by inadequate water availability due to minimal or no rainfall, are influential factors that
reduce crop productivity and yield, consequently decreasing farmers’ income [1]. In addition, drought and
heat stresses have surged in recent years due to global warming [2]. Under these stress conditions, plants
exhibit diverse physiological and biochemical responses, including stomatal movement, cell growth,
development, and photosynthesis inhibition, as well as modifications in biosynthetic pathways, and the
respiration pathway [3—6]. This indicates that stress tolerance is achieved through a complex interplay of
molecular, physiological, and biochemical processes that induce or repress gene regulations through
intricate transcriptional networks [7]. Therefore, focusing on responsive genes and transcriptional
networks induced by drought and heat stresses is crucial for effectively safeguarding crops.

Garlic (4/lium sativum L.) is a valuable market crop, notably consumed as a nutritious green vegetable,
spice, and medicinal herb [8]. However, since garlic is sensitive to water deficit conditions [9], achieving a
maximum garlic bulb yield is predicated upon effective irrigation management [10]. In addition, heat stress
decreases the rate and speed of garlic germination, effectuating depleted growth and yield [11].
Morphological and physiological alterations in garlic from various stress conditions have been
extensively characterized. Yet, knowledge regarding genome-wide responses in garlic to drought or heat
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stress is limited, even though studying transcriptome changes aids in comprehending the molecular
mechanisms behind a plant adaptation to environmental stresses.

This study aims to explore the molecular mechanisms underlying the response of garlic to environmental
stress. We employed a transcriptomic approach to analyze the expression patterns of key genes under
conditions of drought and heat stress. Through this analysis, we identified genes that are induced or
repressed by drought and heat stress, classifying them as common or specifically regulated. Our findings
shed light on the molecular mechanisms involved in the tolerance of garlic to environmental stress,
offering valuable insights into the fundamental understanding of stress tolerance mechanisms.

2 Materials and Methods

2.1 Plant Materials and Stress Treatments

Seeds of garlic cloves (4. sativum L. cv. Daeseo) were grown in a growth chamber with a photoperiod of
16 h of light and 8 h of darkness at a temperature of 24°C. Based on our previous study, we observed
physiological changes of garlic plants after exposure to heat stress at 45°C for 8 h [12]. To induce heat
stress, 4-week-old plants were exposed to a temperature of 45°C for a duration of 8 h. A moderate
drought stress does not induce significant morphophysiological changes, whereas severe water deficit
notably triggered physiological and biochemical responses in various plant species [13,14]. Therefore, for
drought stress, plants were subjected to a withholding of water for two weeks, resulting in the induction
of severe drought stress. Each treatment was replicated three times, providing a total of three biological
replicates.

2.2 H,0, Accumulation, Malondialdehyde (MDA) Content, Relative Water Content (RWC), and
Photosynthesis Determination
The accumulation of H,O, in leaves subjected to drought or heat stress was detected using an
endogenous peroxidase-dependent in situ histochemical staining method, following the protocol described
by Ji et al. [12].

Lipid peroxidation induced by drought or heat stress was assessed by measuring the content of
malondialdehyde (MDA), according to the procedure outlined by Eom et al. [6].

The relative water content (RWC) was determined before and after subjecting the plants to drought or
heat stress, following the method described by Eom et al. [13].

The impact of drought or heat stress on photosynthesis was evaluated using chlorophyll fluorescence
analysis, specifically employing the FluorPen FP110 (Photon Systems Instruments, Drasov, Czech
Republic).

2.3 Transcriptome and Differentially Expressed Genes (DEGSs) Analyses

To generate cDNA libraries, an equal amount of total RNA from three independent replicates was
pooled. The cDNA libraries were synthesized, and paired-end sequencing was performed using the
Illumina HiSeq™ 2500 platform. The obtained sequencing reads were processed following a previously
established protocol [13]. The reads were then aligned to the assembled garlic sequence available at
(https://doi.org/10.6084/m9.figshare.12570947.v1) [15] using the HISAT2 aligner [16]. The sequencing
results have been deposited at the National Agricultural Biotechnology Information Center (NABIC,
http://nabic.rda.go.kr).

Transcript levels were computed employing SAMtools (https://sourceforge.net/projects/samtools/files/
samtools/), and the comparative transcript abundances were assessed through DEseq. The transcript level
of each gene was quantified as fragments per kilobase of transcript sequence per million base pairs
(FPKM). Differentially expressed genes (DEGs) were identified by applying a p-value threshold of
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0.05 and adjusting for |log2(fold change)| of at least 1 [17]. For functional classification of the identified
DEGs, Blast2GO (https://www.blast2go.com/) and KEGG (https://www.genome.jp/kegg/) were employed.

To validate the transcription patterns observed in the RNA-Seq data, qRT-PCR analysis was performed
on heat stress transcription factors (Hsfs). The primer pairs used for gqRT-PCR are provided in Table S1.

2.4 Statistical Analysis

The results of all experiments conducted in this study were presented as mean values accompanied by
the standard error (SE), derived from three independent experimental replicates. To determine significant
differences among the data, Duncan’s multiple range test (p < 0.05) was applied.

3 Results and Discussion

3.1 Physiological Changes in Response to Drought or Heat Stress

Physiological responses of plants to environmental stresses encompass various symptoms such as leaf
wilting, senescence, leaf necrosis, and decreased water loss through transpiration [18]. Drought stress
reduces turgor pressure, while heat stress enhances evapotranspiration in plants. Therefore, leaf wilting is
a prevalent phenotype in plants subjected to drought and heat stress. As shown in Fig. 1A, leaf wilting
was apparent when garlic plants were exposed to drought or heat stresses. In addition, RWC levels were
attenuated by 25.8% from drought and 20.6% from heat stress compared to control plants (normal
growth) (Fig. 1C). When plants respond to drought and heat stresses, chloroplasts overproduce reactive
oxygen species, resulting in the induction of oxidative damage to DNA, proteins, and lipids in different
cellular compartments and inhibiting photosynthesis [3,19,20]. Similarly, HO, (Fig. 1B) and MDA (lipid
peroxidation, Fig. 1D) accumulation were observed in drought- and heat-treated garlic plants.
Furthermore, these treatments caused a decrease in the potential activity of PSII (Fv/Fo) and the
maximum quantum efficiency of PSII photochemistry (Fv/Fm) (Fig. 1E). These physiological changes
substantiate the efficacy of our stress treatments, and we proceeded to harvest the leaves of plants
exposed to drought and heat stresses for further analyses.
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Figure 1: Physiological responses of garlic plants to drought and heat stress. (A) Visual phenotypes of garlic
plants following exposure to drought stress (water withholding for 2 weeks) and heat stress (45°C for 8 h).
The changes in levels of H,O, (B), relative water content (C), MDA (D), and photosynthesis (E) were
measured after the drought or heat treatments. The means (£SE) with distinct letters (p < 0.05, Duncan’s
multiple range test) indicate significant differences between groups
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3.2 Determination of the Transcriptomic Alterations in Response to Drought and Heat Stresses

Transcriptome sequencing has proven to be a highly effective approach for investigating the global
transcription network in response to various stresses in different crops, such as Kimchi Cabbage [6,13],
rapeseed [21], wheat [22], chickpea [23], and cucumber [24]. In this study, we employed transcriptome
sequencing to uncover the molecular mechanisms underlying the stress response in garlic. RNA libraries
were generated from the leaves of control (CT), drought-stressed (DT), and heat-stressed (HT) garlic
plants. These libraries have been deposited in the NABIC (Table 1). After filtering low-quality reads, we
obtained 42—46 million high-quality reads (6.21 to 6.85 Gb) from the three libraries, with over 85% of
the clean reads successfully mapped to the reference genome (Table 1). Two pair-wise comparisons (CT
vs. DT and CT vs. HT) were conducted to identify differentially expressed genes (DEGs) induced by the
stress treatments.

Table 1: Overview of transcriptome sequencing data obtained from three RNA libraries

Sample No. Treatment Clean reads Clean bases (Gb) Accession number
(NABIC)

CT Non-treated 46,859,254 6.86 NN-8319

DT Drought 42,635,132 6.25 NN-8321

HT Heat 42,725,956 6.21 NN-8320

According to the comparison between CT and DT, a total of 1,099 genes (376 drought-induced and
723 drought-reduced) were identified as DEGs. In addition, we determined 791 heat-induced and
285 heat-reduced genes, as indicated on a Volcano plot (Fig. 2A). Using hierarchical clustering
expression patterns of all 2,031 DEGs, we distinguished six clusters (C1 to C6) (Fig. 2B) and analyzed
the gene ontology (GO) terms. C3 included 337 up-regulated genes from drought stress with
“membrane,” “cellular metabolic process,” and ‘“hydrolase activity” as top GO terms, whereas
C4 encompassed 776 up-regulated genes from heat stress with “heterocyclic compound binding,”
“primary metabolic process,” and “intracellular organelle” GO terms (Fig. 2C). Furthermore, genes
classified as “response to stress” were up-regulated by both stresses. In contrast, genes related to the
“carboxylic acid biosynthetic process” and “carbohydrate metabolic process” were down-regulated by
drought and heat stresses, respectively.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database serves as a knowledge hub,
facilitating the methodical analysis of gene functions within the context of complex gene networks [25].
Therefore, to identify the biological pathways activated by heat stress or drought stress, DEGs underwent
annotation through BLASTx alignments against the KEGG database with a significance threshold set at
107>, As shown in Fig. 2D, the mapped DEGs corresponded to metabolic pathways involving significant
biomolecules, such as starch, hormones, phenylpropanoids, etc. The pathways with most representation
by DT-induced DEGs were “starch and sucrose metabolism (up-regulated DEGs),” and “MAPK signaling
pathway-plant (down-regulated DEGs)”. SNF1-related protein kinase 2 (SnRK2), a member of the
“MAPK signaling pathway—plant,” holds crucial roles in the plant response to abiotic stresses and
nutrient limitations, functioning via pathways that are both ABA-dependent and independent [26]. In
garlic plants, two SnRK2 genes (AsaSG00500 and Asa7G05049) were up-regulated by drought stresses,
indicating that they might be interesting candidate genes for improving drought tolerance. In addition,
“protein processing in endoplasmic reticulum” represented the largest group in HT (Fig. 2D). Proteins
produced in the rough endoplasmic reticulum (ER) fold accurately aided by the ER lumen chaperone, a
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member of the heat shock protein (Hsp) [27]. This suggests that garlic plants have the capability to modify
their metabolism in order to prevent harm by the production of major Hsps, as described below. A majority of
proteins synthesized in the ER undergo glycosylation, which is essential for proper folding, protecting
against digestive enzymes, and enabling signal conduction [28]. This indicates that HT-induced DEGs in
“glycolysis/gluconegenesis” (Fig. 2D) might play a crucial role in maintaining the structural stability and

functionality of protein molecules.
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Figure 2: Drought or heat stress-induced differentially expressed genes (DEGs) in garlic leaves. Volcano
(A) plot and hierarchical analysis (B) were conducted according to expression patterns of DEGs. The
analyses of Gene ontology (GO) enrichment (C) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway (D) were performed using DEGs. The color scale ranging from red to blue represents

the raw Z-score
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3.3 Unique Transcriptomic Changes under Each Stress Condition

Analyzing stress-specific genes and biological processes that shift in response to drought or heat stress
will contribute to our understanding of the unique adaptation strategies relative to each stress. For this
objective, the metabolic pathways of stress-induced DEGs were analyzed using MapMan. As shown in
Fig. 3, cell wall-related genes involved in cell wall modification, pectin esterases, and cell wall
degradation were enriched among drought-induced DEGs. Drought stress affects the extensibility of the
cell wall, which is crucial in regulating cell growth and cell wall expansion [29]. This impact is observed
through the suppression of cell wall-related genes in garlic plants (Fig. 3). Pectin esterases (pectin
methylesterases; EC 3.1.1.11) are essential for cell wall elongation, pollen development, seed
germination, seed dehiscence, root tip extension, fruit softening, and stress resistance [30]. Notably,
overexpression of poplar pectin methylesterase in Arabidopsis inhibited stoma opening, resulting in lower
water loss rate in detached leaves [31]. In addition, the transient silencing of pectin methylesterase
inhibitor significantly improved tomato drought resistance [32]. To validate the gene expression results
from RNA-seq, the expression levels of four pectin esterases were analyzed using qRT-PCR. As shown in
Fig. S1, these genes were down-regulated by drought stress. These findings indicate that down-regulating
pectin esterases in garlic may adversely impact its drought resistance. Consequently, analyzing the
physiological functions of these proteins will facilitate to obtain a deeper understanding about drought
tolerance in garlic.
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Figure 3: MapMan visualization of differentially expressed genes (DEGs) associated with cell wall-related
processes in each experimental comparison. The transcription levels in response to drought or heat stress are
depicted using various color representations

Heat stress transcription factors (Hsfs) are vital for cellular responses to heat stress by controlling the
transcriptional activity of multiple genes involved in diverse signaling and metabolic pathways [33]. Hsfs
primarily promote the rapid synthesis and accumulation of heat shock proteins (Hsps), molecular
chaperones that prevent protein aggregation and ensure protein homeostasis [33,34]. We identified 9 Hsfs
and 89 Hsps in heat-specific up-regulated DEGs (Fig. 4A and Table S2). Under heat stress condition,
Hsp70s interact with extended protein peptide segments as well as partially folded proteins, preventing
aggregation, reshaping folding pathways, and regulating activity [35]. When exposed to high temperature
treatment at 35°C—42°C, the HSP70s were up-regulated in various plants including cucumber, pepper,
and tomato [36—38]. In addition, overexpression of herbaceous peony HSP70 in Arabidopsis improved
the tolerance to heat stress [39]. In HT-induced DEGs, we found 15 HSP70 genes (Asa8G05234,
Asa8G05236, Asa0GO05775, Asa7G01686, Asa7G05922, Asa0GO01584, Asa0G01583, Asa0GO1585,
Asa8G05256, Asa6G05836, Asa7G01677, Asa8G05235, Asa0G05725, Asa6G00770, and Asa0G05726;
Table S2), suggesting that they could serve as promising candidate genes for enhancing heat tolerance in
garlic plants. 9 Hsfs were subjected to qRT-PCR analysis to validate the RNA-seq data, confirming the
reliability of our results (Fig. 4B). These findings indicate that these Hsf-Hsp networks likely impact
garlic’s response to heat stress and contribute to its heat tolerance.
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Figure 4: Heat-specific up-regulated heat stress transcription factors (Hsfs) and heat shock proteins (Hsps)
(A). The expression patterns of the selected garlic Hsfs were determined using qRT-PCR (B). The color scale
ranging from red to blue represents the raw Z-score. Significant differences between means (=SE) were
denoted by different letters (p < 0.05, determined by Duncan’s multiple range test)

4 Conclusion

Understanding the molecular mechanisms in plant responses to environmental stress is crucial for
developing climate-resilient crops. We successfully identified overlapping and stress-specific molecular
responses in garlic plants through a comparative transcriptomic analysis from drought and heat stresses.
We explored unique transcriptomic changes under each condition, focusing on cell wall-related genes
regarding drought stress and Hsfs-Hsps for heat stress. Our findings provide a basis for future research
aimed at further understanding the molecular mechanisms involved in the response to environmental stresses.
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Supplementary Materials

Table S1: Primer sequences used in this study

Primer

Sequences (57-37)

Asa2G02555-F
Asa2G02555-R
Asa2G02556-F
Asa2G02556-R
AsadG05887-F
AsadG05887-R
Asa7G01230-F
Asa7G01230-R
Asa7G01431-F
Asa7G01431-R
Asa6G03712-F
Asa6G03712-R
AsalG03975-F
AsalG03975-R
Asa6G04911-F
Asa6G04911-R
AsalGO01216-F
AsalG01216-R
Asa7G01432-F
Asa7G01432-R
AsalG01217-F
AsalGO01217-R
Asa8G02166-F
Asa8G02166-R
Asa5G00486-F
Asa5G00486-F
AsACTIN-F

AsACTIN-R

CCGGCGATTTCACTGTTCTT
TTTGGAGGCCCACGTTAGAT
TGTGGAGTCGATCAGGGATG
AAATGGCCTAGTCCTTCTGC
GCCATGGATGGAACTGGAAC
TTACCCTTGCCATCACCCAT
GGGTATCAGGACACGCTGTA
CGCTGCGTTCCCAAATATGA
AGCTCGAACTGAACCAACCCCA
GGCAATAGGCGTGCCTGCCA
AACCCGCCGGTACCTCCGTT
TCGACGGGATCCCAAACAACGA
AGGGAGTCCTGTGATTGCAGTGGA
TGCACCTCTTGCGTCTCCGA
GCCGCCACCGTTTCTGACGA
AGCATGCGGATCCCACACAACA
CAAGCGCCCCCACCGTTTCT
ACGCATGCGGATCCCAAACCA
AGCTGAGGCAACAGCAGAAGAGC
CGTCGTTTCCCCGAACTTCCCA
CAAAGGCTGCAGGGCACCGA
TGCTGCTCGCTTGTTCCGGC
GTGGGCCAGCGCCGTTTTTG
AGCTGCCTTACAAAGCTGGAAAAGT
GCGAGCGAGCTGGGCATGAT
ACCCGCAAAACCCTAGCCGC
TGCTCTGGATTATGAACAGGAACTTGA
CAATCATTGAAGGCTGGAACAACACT
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Table S2: List and transcription levels of heat-specific Hsfs and Hspsy
Family Gene id Transcription level (z-score)
CT DT HT

Hsf Asa7G01431 —0.549603 —0.60466 1.15426
Asa6G03712 —0.609603 —0.544485 1.15409
AsalG03975 —0.630108 —0.522933 1.15304
Asa6G04911 —0.559865 —0.594661 1.15453
AsalG01216 —0.59622 —0.558272 1.15449
Asa7G01432 —0.540958 —0.612993 1.15395
AsalG01217 —0.538404 —0.61544 1.15384
Asa8G02166 —0.664344 —0.485744 1.15009
Asa5G00486 —0.600167 —0.554229 1.1544

Hsp Asa5G05661 -0.611561 —0.542449 1.15401
AsadG04294 —0.660656 —0.489825 1.15048
AsadG06421 —0.63898 —0.513443 1.15242
Asa8G03632 —0.637825 —0.514685 1.15251
Asa8G03628 —0.648236 —0.503434 1.15167
Asa5G00110 —0.5683 —0.586354 1.15465
Asa5G00109 —0.571896 —0.582787 1.15468
Asa5G00107 —0.581392 —0.573299 1.15469
Asa0GO01213 —0.581953 —0.572736 1.15469
Asa5G00111 —0.582619 —0.572065 1.15468
Asa2G03812 —0.605053 —0.549197 1.15425
Asa0G02116 —0.559004 —0.595504 1.15451
Asa0G01214 —0.547145 —0.607038 1.15418
Asa8G03635 —0.612982 —0.54097 1.15395
Asa3G01354 —0.648231 —0.503439 1.15167
AsadG04540 —0.564547 —0.59006 1.15461
Asa6G05102 —0.566656 —0.587979 1.15463
Asa0G01442 —0.569443 —0.585221 1.15466
Asa6G05100 —0.625821 —0.527483 1.1533
Asa5G03265 —0.613618 —0.540306 1.15392
Asa0G05281 —0.576902 —0.577798 1.1547
AsalG01786 —0.575324 —0.579374 1.1547
Asa3G05030 —0.573306 —0.581385 1.15469
Asa0G04879 —0.572921 —0.581768 1.15469
Asad(G04545 —0.573764 —0.58093 1.15469

(Continued)
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Table S2 (continued)

Family Gene id Transcription level (z-score)
CT DT HT

Asa4G04541 —0.573743 —0.58095 1.15469
Asa0G01441 —0.572361 —0.582325 1.15469
Asa6G04534 —0.580526 —0.574169 1.15469
Asa6G05096 —0.579622 —0.575075 1.1547

Asa6G05099 —0.579928 —0.574769 1.1547

Asa0G01291 —0.579373 —0.575325 1.1547

Asa0G01290 —0.581971 —0.572717 1.15469
Asa6G04532 —0.582941 —0.571742 1.15468
Asa0G02962 —0.582825 —0.571858 1.15468
Asa0G05708 —0.583475 —0.571204 1.15468
Asa0G00606 —0.583262 —0.571418 1.15468
Asa4G04292 —0.583935 —0.57074 1.15468
Asa3G05032 —0.584415 —0.570257 1.15467
AsadG04542 —0.584454 —0.570217 1.15467
Asad4G04550 —0.586158 —0.568497 1.15466
Asa0G00605 —0.587068 —0.567577 1.15465
Asa3G05026 —0.588304 —0.566326 1.15463
Asa4G06617 —0.58854 —0.566088 1.15463
Asa3G02930 —0.588479 —0.56615 1.15463
AsalG03670 —0.589022 —0.565599 1.15462
Asa0G04881 —0.589062 —0.565559 1.15462
Asa0G01440 —0.58897 —0.565652 1.15462
Asa0G00602 —0.589894 —0.564716 1.15461
Asa4G06481 —0.593533 —0.561015 1.15455
Asa4G04543 —0.591239 —0.563349 1.15459
Asa6G05101 —0.591402 —0.563184 1.15459
AsadG05412 —0.592316 —0.562254 1.15457
AsadG04549 —0.592399 —0.56217 1.15457
Asa3G01355 —0.591897 —0.562681 1.15458
Asa0G01444 —0.591958 —0.562618 1.15458
Asa0G01443 —0.595052 —0.559466 1.15452
Asa0G02746 —0.596003 —0.558495 1.1545

Asa3G05031 —0.59935 —0.555068 1.15442
Asa3G05114 —0.644951 —-0.507 1.15195

(Continued)
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Table S2 (continued)
Family Gene id Transcription level (z-score)
CT DT HT

Asa7G05180 —0.541192 —0.612768 1.15396
AsadG03225 —0.611498 —0.542515 1.15401
Asa8G01375 —0.592061 —0.562514 1.15457
Asa6G06266 -0.603114 —0.551197 1.15431
Asa6G06265 -0.599117 —0.555307 1.15442
Asa7G01039 —0.564133 —0.590467 1.1546

Asa7G01038 —0.549955 —0.604318 1.15427
Asa7G01044 —0.586576 —0.568075 1.15465
AsadG02342 —0.608725 —0.545397 1.15412
Asa8G05234 —0.692984 —0.453402 1.14639
Asa8G05236 —0.696174 —0.449727 1.1459

Asa0G05775 —0.566855 —0.587783 1.15464
Asa7G01686 -0.567917 —0.586732 1.15465
Asa7G05922 —0.512244 —0.640094 1.15234
Asa0G01584 —0.574527 —0.580169 1.1547

Asa0G01583 —0.577947 —0.576753 1.1547

Asa0GO01585 —0.574268 —0.580427 1.1547

Asa8G05256 —0.582465 —0.57222 1.15469
Asa6G05836 —0.584021 —0.570653 1.15467
Asa7G01677 —0.599695 —0.554714 1.15441
Asa8G05235 —0.696441 —0.449418 1.14586
Asa0G05725 —0.559822 —0.594702 1.15452
Asa6G00770 —0.550138 —0.604141 1.15428
Asa0G05726 —0.547411 —0.606781 1.15419
Asa5G03685 —0.617782 —0.535952 1.15373
Asa0G02381 —0.597053 —0.557421 1.15447
Asa5G00437 —0.594759 —0.559764 1.15452
Asa0G03552 —0.586372 —0.568281 1.15465
AsalG04171 —0.625328 —0.528005 1.15333
AsalG04046 —0.605716 —0.548512 1.15423
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Figure S1: The expression patterns of the selected garlic pectin esterases were determined using qRT-PCR.
Transcript levels of the selected genes were normalized to those of garlic actin, and were expressed relative to
the values in the control. Level of expression is represented log2 ratio
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