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SUMMARY 5 

Lychee (Litchi chinensis Sonn.) is an economically important tropical fruit threatened by litchi 6 
downy blight, caused by the oomycete Peronophythora litchii. To prioritize genes and regulatory 7 
features associated with early host responses, we reanalyzed public leaf RNA-seq data from 8 
Guiwei and Yurong cultivars (GSE201243; mock and inoculated samples, three biological 9 
replicates per group). Differential-expression analysis identified 17 significant DEGs in Guiwei 10 
and 117 in Yurong at adjusted P < 0.05, suggesting a broader transcriptional response in 11 
Yurong. Eighteen highly responsive genes were selected for structural, motif, promoter, and 12 
candidate interaction analyses. These candidates included annotations associated with defense 13 
or stress responses, including jacalin-like lectin, pathogenesis-related protein, heat-shock 14 
protein, thaumatin/osmotin-like proteins, cytochrome P450, lipid-transfer proteins, and calcium-15 
binding proteins. A selected-gene interaction contrast prioritized LITCHI019519, LITCHI001510, 16 
LITCHI028401, LITCHI017676, LITCHI028104, and LITCHI019183 as potential cultivar-17 
dependent response genes. Promoter analysis of 2-kb upstream regions detected stress- and 18 
hormone-associated cis-elements, and a random-promoter background test supported 19 
enrichment of ARE, MeJA-responsive motifs, TCA-elements, and TC-rich repeats. These results 20 
provide testable candidates for future functional validation of lychee resistance to P. litchii. 21 

Keywords: lychee; Litchi chinensis; litchi downy blight; Peronophythora litchii; RNA-seq; 22 
differential expression; promoter analysis; cis-regulatory elements; plant defense 23 

 24 

INTRODUCTION 25 
Lychee (Litchi chinensis Sonn.) is a tropical fruit crop native to southern China and 26 

Southeast Asia and cultivated in subtropical and tropical production regions worldwide [1]. Litchi 27 
downy blight, caused by the oomycete Peronophythora litchii (P. litchii), is among the most 28 
damaging diseases of this crop and can affect leaves, inflorescences, and fruit, producing 29 
water-soaked brown lesions and postharvest decay [2,3]. Understanding the host transcriptional 30 
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response to P. litchii is therefore important for identifying molecular markers and candidate 31 
genes that may support disease-resistance breeding. 32 

Recent genome-sequencing studies have improved genomic resources for lychee and 33 
enabled transcriptome-based analyses of disease response [4,5]. However, many lychee genes 34 
involved in the response to P. litchii remain poorly characterized. Liu et al. identified LcCDPK 35 
family members with altered expression after P. litchii inoculation [6], and Li et al. showed that 36 
the P. litchii RXLR effector PlAvh202 promotes virulence by destabilizing a host ethylene-37 
biosynthesis enzyme [7]. 38 

Comparative studies of susceptible and resistant lychee cultivars have also emphasized the 39 
importance of rapid pathogen recognition and early defense responses [8]. Public RNA-seq 40 
dataset GSE201243 provides a balanced cultivar-by-treatment design that can be reused to 41 
identify infection-responsive candidate genes and to explore whether transcriptional responses 42 
differ between cultivars [9]. 43 

Here, we reanalyzed GSE201243 to identify differentially expressed genes associated with 44 
P. litchii inoculation and to characterize the potential functions and promoter features of selected 45 
candidates. Specifically, we performed cultivar-specific differential-expression analyses, 46 
calculated selected-gene cultivar-by-treatment contrasts, screened full DEG sets with an 47 
orthology-guided Plant Reactome workflow, and examined chromosomal positions, gene 48 
structures, conserved protein motifs, and 2-kb upstream cis-regulatory elements. Because this 49 
study uses public transcriptomic data and computational annotation, the results are presented 50 
as hypothesis-generating candidates for experimental validation. 51 

RESULTS 52 
To evaluate transcriptional responses of lychee leaves to P. litchii, we analyzed public RNA-53 

seq data from GEO accession GSE201243. The dataset includes two cultivars, Guiwei and 54 
Yurong1 (hereafter Yurong), sterile-water mock and P. litchii-inoculated samples, and three 55 
biological replicates per cultivar-treatment combination. We first summarized run-depth 56 
metadata to confirm sample balance and to screen for gross sequencing-depth outliers. 57 
Dataset overview and sequencing-depth quality control 58 

GSE201243 [9] contains 12 leaf RNA-seq libraries representing a balanced 2 x 2 design: 59 
two cultivars (Guiwei and Yurong1, hereafter Yurong), two treatments (sterile-water mock 60 
control and P. litchii inoculation), and three biological replicates per cultivar-treatment 61 
combination. According to the linked SRA records, all libraries were paired-end Illumina 62 
NovaSeq 6000 RNA-seq runs from leaves collected 24 h after treatment. 63 
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Sample Group GEO accession SRA run Spots (M) Bases 
(Gb) 

GW_M1 Guiwei mock GSM6053458 SRR18856600 23.71 7.1 
GW_M2 Guiwei mock GSM6053459 SRR18856599 27.08 8.1 
GW_M3 Guiwei mock GSM6053460 SRR18856598 27.02 8.1 
GW_P1 Guiwei P. litchii GSM6053461 SRR18856609 27.59 8.3 
GW_P2 Guiwei P. litchii GSM6053462 SRR18856608 24.71 7.4 
GW_P3 Guiwei P. litchii GSM6053463 SRR18856607 23.46 7.0 
YR_M1 Yurong mock GSM6053464 SRR18856606 22.91 6.9 
YR_M2 Yurong mock GSM6053465 SRR18856605 23.50 7.1 
YR_M3 Yurong mock GSM6053466 SRR18856604 23.55 7.1 
YR_P1 Yurong P. litchii GSM6053467 SRR18856603 22.56 6.8 
YR_P2 Yurong P. litchii GSM6053468 SRR18856602 23.19 7.0 
YR_P3 Yurong P. litchii GSM6053469 SRR18856601 21.33 6.4 
Table 1. Sample groups and SRA run-depth summary for GSE201243. 64 
Note: M = million; Gb = gigabases. SRA spots are the run-level sequencing spots reported by 65 
NCBI SRA for the paired-end RNA-seq libraries. 66 

Run-depth across the 12 libraries ranged from 21.33 million spots (YR_P3) to 27.59 million 67 
spots (GW_P1), with a median of 23.53 million spots and an interquartile range of 23.12-25.29 68 
million spots. The maximum/minimum ratio was 1.29, indicating moderate but not extreme 69 
sequencing-depth variation. Therefore, no sample was excluded based on SRA run-depth 70 
metadata. 71 

PCA and hierarchical clustering were then performed as a metadata-level QC screen using 72 
standardized SRA run metrics (spot count, total bases, and downloaded file size). The resulting 73 
PCA and dendrogram separated libraries mainly by sequencing depth rather than by cultivar or 74 
treatment (Figure 1). No single run was isolated from all others in this metric space. This QC 75 
screen cannot substitute for transcriptome-level PCA based on variance-stabilized raw counts, 76 
but it documents the sample groups and did not reveal an obvious run-depth outlier. 77 
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 78 
Figure 1. Metadata-level sequencing quality-control summary for GSE201243. (A) SRA 79 
run spots for each library; the dashed line indicates the median. (B) PCA based on 80 
standardized run-level metrics (spot count, total bases, and downloaded file size). (C) 81 
Hierarchical clustering based on the same standardized run-level metrics. The analysis 82 
did not identify an obvious sequencing-depth outlier. 83 
Pairwise differential-expression overview 84 

Volcano plots were generated using log2 fold change and -log10(P value) (Figure 2). Genes 85 
with adjusted P values below 0.05 were considered significantly differentially expressed. Under 86 
this threshold, Guiwei had 15 upregulated and 2 downregulated genes, whereas Yurong had 39 87 
upregulated and 78 downregulated genes. The larger number of differentially expressed genes 88 
in Yurong suggests a stronger or broader transcriptional response to P. litchii inoculation. 89 
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 91 
Figure 2. Volcano plots of differentially expressed genes in GSE201243. Top: Guiwei; 92 
bottom: Yurong. Red indicates upregulated genes and blue indicates downregulated 93 
genes. 94 

The complete significant DEG sets (17 genes in Guiwei and 117 genes in Yurong) were 95 
retained for pathway-level screening. From these significant pairwise DEG lists, 18 genes were 96 
prioritized for downstream structural, motif, promoter, and candidate-gene interaction analyses 97 
by combining statistical and biological criteria: significance in at least one cultivar-specific 98 
contrast (adjusted P < 0.05), large infection-associated log2 fold-change values in Guiwei 99 
and/or Yurong, and predicted annotations or domains plausibly related to defense, stress 100 



 
 

6 
 
 

signaling, calcium binding, lipid or membrane biology, protein remodeling, or defense-101 
associated metabolism. This selection was therefore not based only on heatmap appearance. 102 
Supplementary Table S1 summarizes the rounded log2FC evidence, adjusted-P threshold 103 
status, predicted annotation, representative homolog/domain, known defense relevance, and 104 
reason for retaining each selected gene. 105 

 106 
Figure 3. Heatmap comparing selected differentially expressed genes in Guiwei and 107 
Yurong. Color indicates log2 fold change. 108 
Cultivar-by-treatment interaction analysis 109 

To evaluate whether the infection response differed between Guiwei and Yurong, we next 110 
represented the experiment as a 2 x 2 factorial design with cultivar, treatment, and cultivar-by-111 
treatment terms. In this model, the cultivar-by-treatment coefficient is equivalent to the 112 
difference between the infection-induced log2 fold change in Yurong and the infection-induced 113 
log2 fold change in Guiwei: interaction contrast = log2FC(Yurong, P. litchii versus mock) - 114 
log2FC(Guiwei, P. litchii versus mock). Positive values indicate a stronger response in Yurong, 115 
whereas negative values indicate a stronger response in Guiwei. 116 

Applying this interaction contrast to the selected candidate genes refined the interpretation 117 
of the separate differential-expression comparisons. The strongest Guiwei-skewed contrasts 118 
were observed for LITCHI019519, LITCHI001510, LITCHI028401, and LITCHI017676, whereas 119 
LITCHI028104 and LITCHI019183 showed Yurong-skewed responses (Figure 4; Table 2). 120 
These genes therefore represent candidate cultivar-dependent response genes for future 121 
expression validation and functional testing. Because the current contrast was calculated from 122 
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selected-gene log2 fold-change summaries, it should be interpreted as a candidate-prioritization 123 
effect size rather than a genome-wide list of statistically significant interaction DEGs. 124 

 125 
Figure 4. Candidate cultivar-by-treatment interaction contrasts among selected 126 
differentially expressed genes. The interaction contrast was calculated as log2FC(Yurong) 127 
- log2FC(Guiwei). Negative values indicate a stronger infection-associated response in 128 
Guiwei, and positive values indicate a stronger response in Yurong. 129 
Gene Guiwei 

log2FC 
Yurong 
log2FC 

Interaction 
contrast Direction 

LITCHI019519 3.8 0.4 -3.4 Stronger Guiwei response 
LITCHI001510 4.0 1.3 -2.7 Stronger Guiwei response 
LITCHI028401 4.9 2.4 -2.5 Stronger Guiwei response 
LITCHI017676 4.0 1.8 -2.2 Stronger Guiwei response 
LITCHI028104 2.6 4.0 +1.4 Stronger Yurong response 
LITCHI019299 1.7 0.5 -1.3 Stronger Guiwei response 
LITCHI001512 4.0 3.0 -1.0 Stronger Guiwei response 
LITCHI019183 0.6 1.5 +1.0 Stronger Yurong response 
Table 2. Top candidate cultivar-by-treatment interaction genes among the selected 130 
differentially expressed genes. 131 
Note: The interaction contrast is log2FC(Yurong) - log2FC(Guiwei). Values are rounded to one 132 
decimal place and are used for candidate prioritization. Because the contrast shown here was 133 
calculated for selected genes, it should not be interpreted as a genome-wide interaction-DEG 134 
test. 135 
Orthology-guided Plant Reactome pathway analysis of all DEGs 136 
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To broaden pathway-level interpretation beyond the 18 selected candidate genes, we 137 
evaluated the full pairwise DEG lists from Section 2.2 using a Plant Reactome-oriented workflow. 138 
The inputs were the complete significant DEG sets identified in the pairwise comparisons: 17 139 
significant DEGs in Guiwei and 117 significant DEGs in Yurong. Plant Reactome provides 140 
curated rice reference pathways and orthology-based pathway projections for other plant 141 
species, and supports omics-data analysis in the context of plant pathway networks [10]. 142 
However, the LITCHI gene identifiers used in the lychee genome annotation were not directly 143 
represented in the Plant Reactome gene-products export examined for this revision. Therefore, 144 
the analysis was treated as an orthology-guided pathway-annotation screen rather than a formal 145 
over-representation test with FDR-corrected Plant Reactome P values. 146 

The all-DEG screen showed that the larger Yurong DEG set provided broader pathway 147 
coverage than the smaller Guiwei DEG set (Table 3). Across the full DEG lists, the most 148 
interpretable pathway themes were stress and hormone signaling, plant defense and 149 
transcriptional regulation, protein folding and turnover, carbohydrate and cell-wall-related 150 
metabolism, and membrane or receptor-associated transport. These pathway themes are 151 
consistent with the pairwise DEG results and support the view that early infection responses 152 
involve both defense-associated signaling and broader cellular reprogramming. Because lychee 153 
is not directly represented in the mapping file used here, Table 3 should be interpreted as 154 
pathway-level prioritization of all DEGs, not as definitive statistical enrichment evidence. 155 

Plant Reactome 
pathway theme 

Guiwei all-DEG 
support 

Yurong all-DEG 
support 

Interpretation 

Stress, immune, and 
hormone signaling 

Detected among the 
17 significant DEGs; 
narrower support 
because of the 
smaller DEG set 

Broadly represented 
among the 117 
significant DEGs 

Suggests infection-induced 
signaling and hormone-mediated 
defense regulation. 

Transcriptional and 
receptor-mediated 
regulation 

Detected Detected Consistent with cultivar-
dependent regulation of 
pathogen-response genes. 

Protein folding, 
processing, and turnover 

Limited support Detected Indicates stress-associated 
proteostasis and possible 
chaperone or protein-quality-
control responses. 

Carbohydrate, cell-wall, 
and secondary-
metabolic processes 

Limited support Detected May reflect cell-wall remodeling 
and metabolic adjustment during 
pathogen challenge. 

Transport and 
membrane-associated 
processes 

Detected Detected Supports roles for membrane 
transport and signaling during 
early infection. 
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Unmapped or poorly 
annotated lychee genes 

Present Present Highlights the need for a 
complete lychee-to-model-
species orthology table before 
formal Reactome FDR 
enrichment. 

Table 3. Orthology-guided Plant Reactome pathway screen applied to all significant 156 
pairwise DEGs. 157 
Note: The input consisted of the complete significant DEG sets reported in Section 2.2, not only 158 
the selected candidate genes. Because the Plant Reactome export examined here did not 159 
contain direct Litchi chinensis entries for the LITCHI identifiers, results are reported descriptively 160 
rather than as formal FDR-corrected over-representation statistics. 161 
Structural, motif, and promoter analysis of selected genes 162 

 163 
Figure 5. Chromosomal locations of selected differentially expressed genes. 164 

The selected genes were distributed across 10 of the 15 lychee chromosomes (Figure 5). 165 
Most chromosomes contained one selected gene, whereas chromosome 15 contained five 166 
selected genes and chromosome 5 contained three selected genes. 167 
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 168 
Figure 6. Gene structures of selected differentially expressed genes. 169 

Because many lychee genes remain incompletely characterized, we further examined the 170 
structures of the selected genes (Figure 6). Yellow segments represent exons, and solid lines 171 
represent introns. Exon numbers varied substantially among genes. For example, 172 
LITCHI025738 contained 10 exons, whereas LITCHI007102 contained 2 exons. LITCHI001510 173 
was the longest among the selected genes, but most of its length corresponded to intronic 174 
regions. By contrast, LITCHI025738, LITCHI012388, and LITCHI028104 contained multiple 175 
small exons. 176 

Conserved-motif analysis identified 20 motifs among the selected genes (Figure 7). Most 177 
genes contained only a small number of predicted motifs, with the exception of LITCHI009301, 178 
LITCHI002793, and LITCHI001510. Motif2, Motif5, and Motif7 were assigned to the thaumatin 179 
family, consistent with the presence of stress- and defense-related proteins among the selected 180 
genes. 181 
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 182 
Figure 7. Distribution of predicted conserved motifs in selected differentially expressed 183 
genes. 184 

Cis-acting regulatory elements are noncoding DNA sequences that influence the timing, 185 
location, and magnitude of gene expression and can contribute to plant responses to 186 
environmental stimuli [11]. 187 

Promoter regions 2000 bp upstream of the selected genes were examined for cis-acting 188 
regulatory elements. We focused on seven elements with potential relevance to plant stress or 189 
defense responses: TCA-elements, ABRE, ARE, MeJA-responsive elements, TC-rich repeats, 190 
AT-rich sequences, and MBS. These elements were broadly distributed across most selected 191 
genes (Figure 8), except LITCHI002793, which contained fewer detected elements in the 192 
analyzed promoter region. Figure 9 summarizes the number of occurrences of each element in 193 
each selected gene. 194 
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 195 
Figure 8. Locations of selected cis-acting regulatory elements in promoters of selected 196 
differentially expressed genes. 197 

 198 
Figure 9. Counts of selected cis-acting regulatory elements in promoters of selected 199 
differentially expressed genes. 200 

ABRE occurred frequently in the promoters of LITCHI025738 and LITCHI019519; ARE 201 
occurred frequently in LITCHI011394 and LITCHI001552; and MeJA-responsive elements were 202 
common in LITCHI017995, LITCHI028104, and LITCHI001510. The remaining cis-acting 203 
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regulatory elements (AT-rich sequences, MBS, TCA-elements, and TC-rich repeats) appeared 204 
more sporadically among the selected genes. 205 

Because these cis-elements differ in motif length and background frequency, the raw counts 206 
were compared against a composition-matched random-promoter background. The observed 207 
counts from the 18 selected promoters were tested against 100,000 random sets of 18 208 
simulated 2-kb promoters. Motif variants and reverse complements were counted, and one-209 
sided empirical P values were adjusted by Benjamini-Hochberg FDR. 210 
Element Observed total Random mean Empirical P / FDR 

q 
Interpretation 

ABRE 45 38.44 0.16402 / 0.22963 Frequent but not 
enriched 

ARE 46 24.61 0.00011 / 0.00026 Enriched 
AT-rich sequence 3 1.71 0.24643 / 0.28750 Not enriched 
MBS 9 12.68 0.88396 / 0.88396 Not enriched 
MeJA-responsive 54 38.44 0.01026 / 0.01795 Enriched 
TCA-element 9 0.19 0.00001 / 0.00003 Enriched 
TC-rich repeats 10 0.15 0.00001 / 0.00003 Enriched 
Table 4. Background-controlled random-promoter comparison of cis-regulatory element 211 
counts across the 18 selected promoters. 212 

Note: Observed totals are summed across the 18 selected promoters in Figure 9. The 213 
random mean is the average motif count across 100,000 GC-matched random promoter sets. P 214 
values are one-sided empirical probabilities that a random set contained at least as many hits 215 
as observed. 216 

 217 
Figure 10. Background-controlled promoter comparison for selected cis-regulatory 218 
elements. Bars show observed total counts across the 18 selected promoters and 219 
expected mean counts under the random-promoter background; labels above bars show 220 
FDR-adjusted q values. 221 
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This background control showed that ARE, MeJA-responsive elements, TCA-elements, and 222 
TC-rich repeats were enriched relative to the random-promoter background. In contrast, ABRE 223 
and MBS were present in the selected promoters but were not significantly enriched after FDR 224 
correction. Thus, the promoter signal appears to be driven by a subset of hormone- and 225 
defense-associated motifs rather than by the general abundance of common cis-elements alone. 226 

DISCUSSION 227 

The volcano plots (Figure 2) show that Yurong had more differentially expressed genes than 228 
Guiwei, indicating cultivar-specific transcriptional responses to P. litchii. Liu et al. also reported 229 
that several CDPK-family genes were highly expressed after P. litchii inoculation and noted that 230 
Yurong is relatively resistant to P. litchii [6]. Our results are consistent with the idea that Yurong 231 
may mount a broader transcriptional response during infection. 232 

The interaction analysis adds information that is not captured by separate within-cultivar 233 
comparisons alone. Separate comparisons identify genes that change after inoculation within 234 
each cultivar, whereas the interaction contrast identifies genes for which the magnitude of the 235 
inoculation response differs between cultivars. The strong negative interaction contrasts for 236 
LITCHI019519, LITCHI001510, LITCHI028401, and LITCHI017676 suggest Guiwei-skewed 237 
responses among the selected genes, while the positive contrasts for LITCHI028104 and 238 
LITCHI019183 suggest Yurong-skewed responses. Because Yurong has been described as 239 
relatively resistant to P. litchii [6], Yurong-skewed candidates are especially relevant for future 240 
validation, although Guiwei-skewed genes may also reveal susceptibility-associated or 241 
compensatory responses. 242 

The addition of the all-DEG Plant Reactome screen reduces the bias introduced by 243 
interpreting only the most strongly changing genes. Although the selected 18 candidates include 244 
plausible defense-associated proteins, the complete DEG sets suggest that cultivar responses 245 
are better interpreted as coordinated pathway-level changes involving signaling, regulation, 246 
proteostasis, transport, and metabolism. The larger Yurong DEG set provided broader pathway 247 
coverage than Guiwei, suggesting a more extensive transcriptional adjustment at 24 h post-248 
inoculation. Because this Reactome step is orthology-guided, it should be used for hypothesis 249 
generation rather than as final pathway-level statistical evidence. 250 

Figures 5 and 6 show the chromosomal locations and gene structures of the selected genes. 251 
Table 5 summarizes their predicted functions, which were grouped into stress response, 252 
calcium binding, enzyme-related, and other categories. To make the prioritization transparent, 253 
Supplementary Table S1 separates the expression evidence for each selected gene from 254 
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functional interpretation, including annotation, representative homolog/domain information, and 255 
known defense relevance. 256 

LITCHI028104 was annotated as a jacalin-like lectin, a class of proteins that can be 257 
associated with antiviral or defense-related functions [12]. LITCHI011394 was annotated as a 258 
pathogenesis-related protein. LITCHI012388 belongs to the heat-shock protein 70 (HSP70) 259 
family, members of which are often associated with stress responses [13]. LITCHI001552 and 260 
LITCHI025738 were annotated as cyclase-like proteins and may be involved in abiotic-stress 261 
responses [14]. 262 

LITCHI009301 and LITCHI002793 were annotated as osmotin/thaumatin-like proteins. 263 
Thaumatin is a sweet-tasting plant protein originally identified in Thaumatococcus daniellii [15]. 264 
Osmotin and other PR-5 family proteins are homologous to thaumatin and have been 265 
associated with antifungal activity against plant pathogens [16]. The presence of 266 
thaumatin/osmotin-like candidates supports a possible role for defense-related proteins in the 267 
response to P. litchii. 268 

LITCHI017995 was annotated as a metalloendoproteinase, a zinc-dependent protease that 269 
may be calcium activated, whereas LITCHI019519 was associated with EF-hand calcium 270 
binding. These genes may be connected to calcium-dependent signaling or protein-processing 271 
pathways. 272 

Two enzyme-related annotations were also observed. LITCHI002550 belongs to the 273 
cytochrome P450 family, which participates in diverse biosynthetic and detoxification pathways. 274 
LITCHI019299 and LITCHI017676 were annotated as S-adenosylmethionine-related genes, 275 
which may be involved in methylation or polyamine-biosynthesis pathways. 276 

Among the remaining genes, LITCHI007102 was annotated as a plant-specific 277 
phytosulfokine precursor, and LITCHI019183 and LITCHI018043 were annotated as plant lipid-278 
transfer proteins. 279 

Some selected genes remain poorly characterized. In particular, LITCHI001510 and 280 
LITCHI001512 lack clear functional annotations and should be prioritized carefully in future 281 
experimental studies. 282 
Gene(s) Predicted/annotated function Functional category 
LITCHI028104 Jacalin-like lectin Stress response 
LITCHI011394 Pathogenesis-related protein 

family 
Stress response 

LITCHI012388 Heat shock protein Stress response 
LITCHI001552, LITCHI025738 Cyclase-like protein Stress response 
LITCHI009301, LITCHI002793 Osmotin/thaumatin-like proteins Stress response 
LITCHI019519 EF-hand calcium-binding protein Calcium binding/signaling 
LITCHI017995 Metalloendoproteinase Calcium binding/signaling 
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Gene(s) Predicted/annotated function Functional category 
LITCHI002550 Cytochrome P450 Enzyme-related 
LITCHI019299, LITCHI017676 S-adenosylmethionine-related 

proteins 
Enzyme-related 

LITCHI007102 Phytosulfokine precursor Other 
LITCHI019183, LITCHI018043 Plant lipid-transfer proteins Other 
Table 5. Predicted functions of selected differentially expressed genes. 283 

Thaumatin-family motifs were also detected in Figure 7. This protein family includes 284 
pathogenesis-related group 5 (PR-5) proteins, which are associated with systemic acquired 285 
resistance, stress responses, and antifungal activity [17]. 286 

Figures 8 and 9 summarize raw locations and counts of seven cis-acting regulatory 287 
elements related to plant stress or defense responses. Table 4 and Figure 10 add a 288 
background-controlled random-promoter comparison, and Table 6 lists the reported functions of 289 
the selected elements. 290 

ABRE elements are involved in abscisic acid responsiveness [18,19]. Abscisic acid (ABA) 291 
plays a major role in plant responses to environmental stress, and ABA-mediated responses 292 
can induce expression of many genes through ABRE-containing promoters [20]. In this study, 293 
ABREs were often observed as the ACGTG motif. 294 

ARE and MBS are additional cis-regulatory elements associated with responses to 295 
environmental conditions. In this study, AREs were often observed as the AAACCA motif, 296 
whereas MBS motifs were often observed as CAACTG. 297 

AT-rich sequences with the TAAAATACT motif were identified in a subset of selected genes. 298 
These elements have been associated with maximal elicitor-mediated activation. Elicitors are 299 
compounds that can activate plant chemical defenses [21]. 300 

Methyl jasmonate (MeJA) is a signaling molecule involved in plant development and stress 301 
responses. It can activate plant defense mechanisms against a range of pathogens. For 302 
example, Zhang et al. reported that MeJA-responsive proteins play roles in maize responses to 303 
pests and insects [22]. Several selected lychee genes contained multiple MeJA-responsive 304 
elements, typically CGTCA or TGACG motifs, in their promoter regions. 305 

TCA-elements are associated with salicylic acid responsiveness. The hypersensitive 306 
response can limit pathogen spread through localized programmed cell death, and salicylic-307 
acid-mediated defense can contribute to systemic acquired resistance and broad-spectrum 308 
immunity [8]. 309 

TC-rich repeats are known to participate in plant defense and stress responsiveness [23]. In 310 
this study, TC-rich repeats were detected as the GTTTTCTTAC motif. 311 
Cis-regulatory element Reported function 
ABRE ABA-responsive element involved in abscisic acid responsiveness 



 
 

17 
 
 

Cis-regulatory element Reported function 
ARE Element associated with anaerobic induction 
AT-rich sequence Element associated with maximal elicitor-mediated activation 
MBS MYB binding site involved in drought inducibility 
MeJA Element involved in MeJA responsiveness 
TCA-element Element involved in salicylic acid responsiveness 
TC-rich repeats Element involved in defense and stress responsiveness 
Table 6. Reported functions of selected cis-regulatory elements in promoters of selected 312 
differentially expressed genes. 313 

The cis-acting regulatory elements identified in this study are commonly associated with 314 
stress responses. Similar sets of elements have been reported in other plant systems, including 315 
maize [24]. The random-promoter comparison refined this interpretation by showing that not 316 
every frequent element was enriched: ABRE was common in the candidate promoters but did 317 
not pass the background-controlled FDR threshold, whereas ARE, MeJA-responsive elements, 318 
TCA-elements, and TC-rich repeats remained enriched. 319 

Several limitations should be noted. First, this work is a secondary analysis of public 320 
transcriptomic data and does not include independent qPCR or functional validation. Second, 321 
the structural, motif, and promoter analyses focus on 18 strongly responsive genes; genes with 322 
smaller but biologically important expression changes may have been missed. Third, the 323 
cultivar-by-treatment analysis is presented as a selected-gene effect-size screen rather than a 324 
definitive genome-wide interaction DEG analysis. Fourth, the pathway analysis was orthology-325 
guided because the LITCHI identifiers were not directly represented in the Plant Reactome 326 
export, so pathway results are descriptive. Fifth, the promoter background model controls for 327 
motif length and approximate GC content but does not capture full promoter architecture or 328 
genome-wide promoter clustering. These limitations frame the results as a prioritized, testable 329 
candidate set. 330 

MATERIALS AND METHODS 331 

Public data source, reference files, and study design 332 
RNA-seq data were analyzed from GEO accession GSE201243 [9], which contains a 333 

balanced 2 x 2 design consisting of two lychee cultivars (Guiwei and Yurong), two treatments 334 
(sterile-water mock control and P. litchii inoculation), and three biological replicates per cultivar-335 
treatment group. Inoculated leaf samples were collected at 24 h post-inoculation. Raw reads 336 
were obtained from the SRA runs linked to GSE201243/BioProject PRJNA830488 using SRA 337 
Toolkit v3.0.7 with prefetch followed by fasterq-dump --split-files --threads 8. The sample 338 
metadata table contained the fields sample_id, cultivar, treatment, replicate, GEO accession, 339 
SRA run, SRA spots, and total bases. For all factorial analyses, cultivar was encoded as Guiwei 340 
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or Yurong, treatment was encoded as mock or inoculated, and Guiwei and mock were used as 341 
the reference levels. 342 

The reference assembly was Litchi chinensis cv. Feizixiao SCAU_Lch_v2.0 (NCBI assembly 343 
GCA_019925255.1; BioProject PRJNA747875) with the corresponding GFF3 annotation from 344 
the same genome release [25]. Before alignment and counting, the GFF3 file was checked to 345 
ensure that gene identifiers matched the LITCHI gene IDs used in the manuscript. When 346 
needed, the annotation was converted to GTF format with gffread v2.2.1 while retaining gene_id 347 
attributes for HTSeq counting. 348 
Read quality control, trimming, alignment, and read counting 349 

Raw-read quality was evaluated with FastQC v0.11.9 [26]. Adapter and low-quality bases 350 
were trimmed with Trimmomatic v0.39 [27] in paired-end mode using the following reproducible 351 
parameter set: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10, LEADING:3, TRAILING:3, 352 
SLIDINGWINDOW:4:20, and MINLEN:50. Trimmed FASTQ files were rechecked with FastQC. 353 
These settings remove standard Illumina paired-end adapters, trim low-quality bases from read 354 
ends, apply a sliding-window quality threshold of Q20, and discard reads shorter than 50 bp 355 
after trimming. 356 

For consistency with the public-study workflow, trimmed paired-end reads were aligned to 357 
the SCAU_Lch_v2.0 reference genome using TopHat v2.0.12 with Bowtie2 v2.2.3 [28]. The 358 
Bowtie2 index was built from the genome FASTA file. The alignment command used eight 359 
threads and the following main parameters: tophat2 -p 8 --library-type fr-unstranded --read-360 
mismatches 2 --read-gap-length 2 --read-edit-dist 2 --min-intron-length 50 --max-intron-length 361 
50000 --max-multihits 20 --GTF annotation.gtf -o sample_tophat_out genome_index 362 
sample_R1.fq.gz sample_R2.fq.gz. BAM files were sorted and indexed with SAMtools v1.17. 363 
TopHat is no longer the most current RNA-seq aligner, but it was retained to maintain 364 
consistency with the original public processing strategy. Future analyses using HISAT2 or STAR 365 
should regenerate counts and DESeq2 contrasts from a single updated pipeline. 366 

Gene-level counts were generated from sorted BAM files with HTSeq v2.0.2 [29] using 367 
union mode and non-stranded counting: htseq-count -f bam -r pos -s no -t exon -i gene_id -m 368 
union -a 10 --nonunique none sample.sorted.bam annotation.gtf > sample.counts.txt. Individual 369 
count files were merged into a gene-by-sample integer count matrix using Python v3.10.13 and 370 
pandas v2.1.4. Genes with low read support were filtered before DESeq2 analysis using 371 
rowSums(counts >= 10) >= 3, which retains genes with at least 10 counts in at least three 372 
libraries. 373 
Differential expression, interaction modeling, and sample-level QC 374 
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Differential-expression analyses were performed in R v4.3.2 using Bioconductor v3.18 and 375 
DESeq2 v1.42.0 [30]. DESeq2 size factors were estimated with the median-of-ratios method, 376 
dispersions were estimated with the default parametric trend, and Wald tests were used for 377 
pairwise contrasts. P values were adjusted for multiple testing by the Benjamini-Hochberg 378 
method, and genes with adjusted P values below 0.05 were considered differentially expressed. 379 
Unless otherwise stated, no additional minimum absolute log2 fold-change cutoff was imposed 380 
for the primary DEG calls; fold-change magnitude was used only for candidate prioritization and 381 
visualization. 382 

Pairwise infection responses were analyzed separately within each cultivar using design = ~ 383 
treatment and the contrast inoculated versus mock. To test whether the infection response 384 
differed between cultivars, the full 12-sample factorial design was analyzed with design = ~ 385 
cultivar + treatment + cultivar:treatment after releveling cultivar = Guiwei and treatment = mock 386 
as references. In this parameterization, the treatment coefficient estimates the infection 387 
response in Guiwei, while the cultivarYurong:treatmentinoculated coefficient estimates the 388 
interaction term, equivalent to log2FC(Yurong inoculated versus mock) - log2FC(Guiwei 389 
inoculated versus mock). 390 

Sample-level expression QC in the reproducible workflow used variance-stabilizing 391 
transformation with vst(dds, blind = FALSE), followed by principal component analysis with 392 
prcomp and hierarchical clustering from Euclidean distances with complete linkage. DESeq2 393 
Cook distance diagnostics and sample clustering were used to screen for libraries with unusual 394 
influence or inconsistent replicate behavior. No library was excluded based on the SRA run-395 
depth metadata summarized in Section 2.1. 396 
Plant Reactome, homolog, and domain annotation 397 

Plant Reactome pathway screening was performed for all significant pairwise DEGs rather 398 
than only for the 18 selected candidate genes. The input DEG lists were the complete Guiwei 399 
and Yurong significant gene sets defined by adjusted P < 0.05 in the pairwise DESeq2 400 
comparisons. Plant Reactome version 24/Gramene release 68 was used as the pathway 401 
reference [10]. Because the Plant Reactome gene-product export examined for this revision did 402 
not contain direct Litchi chinensis LITCHI identifiers, lychee proteins were mapped to pathway-403 
annotated plant proteins through an orthology-guided screen rather than treated as direct Plant 404 
Reactome entries. 405 

Representative homologs were assigned with DIAMOND v2.1.8 blastp [31] against pathway-406 
annotated rice/Arabidopsis protein sets using --sensitive -e 1e-5 --query-cover 50 --subject-407 
cover 50 --max-target-seqs 5. For each lychee gene, the representative homolog was selected 408 
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by highest bit score, with e-value and alignment coverage used as tie-breakers. Protein 409 
domains were annotated with InterProScan v5.65-97.0 [32] using the Pfam application and the 410 
options -appl Pfam -f TSV -goterms -iprlookup. Domain and homolog information was used to 411 
support candidate-gene annotation but was not treated as experimental functional validation. 412 
Candidate-gene structure, conserved motifs, and promoter analysis 413 

TBtools-II v2.096 [33] was used to extract gene coordinates from the GFF3 file, display 414 
chromosomal locations, visualize exon-intron structures, and extract 2,000 bp upstream 415 
promoter sequences. Promoter extraction was strand-aware: for genes on the negative strand, 416 
the upstream sequence was reverse-complemented relative to the annotated gene orientation. 417 
Genes located within 2,000 bp of a contig boundary were retained with the available upstream 418 
sequence, and the resulting promoter length was recorded. 419 

For conserved-motif analysis, predicted coding sequences for the selected genes were 420 
translated to protein FASTA sequences with TBtools-II. MEME Suite v5.5.5 [34] was then run in 421 
protein mode with the command structure meme selected_proteins.fa -protein -mod zoops -422 
nmotifs 20 -minw 6 -maxw 50 -evt 0.05 -seed 2024 -oc meme_out. The zoops model was 423 
selected because not every motif was expected to occur in every candidate protein. Predicted 424 
motifs were interpreted with Pfam/InterProScan domain assignments and the available lychee 425 
gene annotations. 426 

Promoter sequences were submitted to PlantCARE [35] to identify cis-acting regulatory 427 
elements. PlantCARE output was filtered to retain elements annotated as stress-, defense-, 428 
pathogen-, wound-, hormone-, drought-, anaerobic-, or light-responsive. Synonymous or 429 
duplicated labels were merged before summarization, and both total motif occurrence and gene-430 
level presence were considered. Elements retained for biological interpretation included ARE, 431 
MeJA-responsive motifs, TCA-elements, TC-rich repeats, ABRE, MBS, and AT-rich sequence 432 
classes, with interpretation refined by the background analysis described below. 433 
Promoter-background test and figure generation 434 

To determine whether candidate-promoter motif counts exceeded a simple background 435 
expectation, a permutation-style random-promoter test was implemented in Python v3.10.13 436 
using NumPy v1.26.4, pandas v2.1.4, SciPy v1.11.4, and Matplotlib v3.8.2. The simulation 437 
generated 100,000 random promoter sets. Each set contained 18 promoters of 2,000 bp, 438 
matching the number and length of the candidate promoters. Random sequences were 439 
generated with a lychee-like GC content of 34% (A = 0.33, T = 0.33, G = 0.17, C = 0.17). Exact 440 
motif strings and their reverse complements were scanned so that motif counts were not biased 441 
by orientation. One-sided empirical P values were computed as (1 + number of random sets 442 
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with count >= observed count)/(1 + number of random sets), and P values were adjusted across 443 
tested motif classes by the Benjamini-Hochberg method. 444 

Figures were generated from scripted analyses rather than manual redrawing. Volcano plots, 445 
heatmaps, PCA plots, interaction-effect plots, and pathway summaries were generated in R with 446 
ggplot2 v3.4.4 [36], ggrepel v0.9.4, pheatmap v1.0.12, and base R plotting functions. Promoter-447 
background plots were generated in Python with Matplotlib v3.8.2. Final figures were exported 448 
as PNG or TIFF files at 600 dpi where possible and assembled in the manuscript without 449 
changing the underlying numerical values. 450 
Code availability and reproducibility controls 451 

The computational workflow was organized as Bash, R, and Python scripts with fixed 452 
random seeds for stochastic analyses. The script package includes: 01_download_and_qc.sh 453 
for SRA retrieval and read QC; 02_alignment_and_counts.sh for trimming, alignment, BAM 454 
sorting, and HTSeq counting; 03_deseq2_pairwise_interaction.R for pairwise DESeq2 contrasts, 455 
the cultivar-by-treatment model, PCA, clustering, and DEG tables; 04_promoter_background.py 456 
for the random-promoter test; and 05_figure_generation.R for manuscript figures. 457 
Supplementary File S2 provides command templates and session-information records for 458 
rerunning the analysis after updating local file paths. The same package lists the expected 459 
derivative files: raw count matrix, sample metadata, complete DESeq2 result tables, candidate-460 
gene table, Plant Reactome mapping table, promoter motif table, and random-background 461 
simulation output. 462 

 463 

Analysis step Software/version Main parameters, filters, or outputs 

Data retrieval SRA Toolkit v3.0.7 prefetch; fasterq-dump --split-files --threads 8; metadata fields: 
sample_id, cultivar, treatment, replicate, GEO accession, SRA 
run, spots, and bases. 

Read 
QC/trimming 

FastQC v0.11.9; 
Trimmomatic v0.39 

Paired-end mode; ILLUMINACLIP:TruSeq3-PE.fa:2:30:10; 
LEADING:3; TRAILING:3; SLIDINGWINDOW:4:20; 
MINLEN:50. 

Reference 
preparation 

SCAU_Lch_v2.0 
genome; gffread 
v2.2.1 

Genome assembly GCA_019925255.1; GFF3 checked for 
LITCHI gene IDs; GFF3 converted to GTF when needed; 
Bowtie2 index built from genome FASTA. 

Read alignment TopHat v2.0.12; 
Bowtie2 v2.2.3; 
SAMtools v1.17 

-p 8; --library-type fr-unstranded; --read-mismatches 2; --read-
gap-length 2; --read-edit-dist 2; --min-intron-length 50; --max-
intron-length 50000; --max-multihits 20; --GTF annotation.gtf. 

Read counting HTSeq v2.0.2 htseq-count -f bam -r pos -s no -t exon -i gene_id -m union -a 
10; --nonunique none; merged count matrix. 

DESeq2 pairwise 
tests 

R v4.3.2; Bioconductor 
v3.18; DESeq2 

Filter rowSums(counts >= 10) >= 3; design = ~ treatment 
within cultivar; median-of-ratios normalization; Wald test; 
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Analysis step Software/version Main parameters, filters, or outputs 

v1.42.0 Benjamini-Hochberg adjusted P < 0.05. 

Interaction test DESeq2 v1.42.0 Full design = ~ cultivar + treatment + cultivar:treatment; 
reference levels Guiwei and mock; interaction = 
log2FC(Yurong) - log2FC(Guiwei). 

Pathway and 
homolog screen 

Plant Reactome 
v24/Gramene 68; 
DIAMOND v2.1.8 

All significant pairwise DEGs used as inputs; DIAMOND 
blastp --sensitive -e 1e-5 --query-cover 50 --subject-cover 50 -
-max-target-seqs 5; best hit by bit score. 

Protein domains 
and motifs 

MEME Suite v5.5.5; 
InterProScan v5.65-
97.0/Pfam 

MEME -protein -mod zoops -nmotifs 20 -minw 6 -maxw 50 -
evt 0.05 -seed 2024; InterProScan -appl Pfam -f TSV -
goterms -iprlookup. 

Promoter and 
cis-element 
analysis 

TBtools-II v2.096; 
PlantCARE 

Extract 2,000 bp strand-aware upstream promoters; 
PlantCARE elements filtered for stress, defense, hormone, 
drought, wound, anaerobic, and light-response terms; 
synonymous motif labels merged. 

Promoter 
background and 
figures 

Python v3.10.13; 
NumPy v1.26.4; 
pandas v2.1.4; SciPy 
v1.11.4; Matplotlib 
v3.8.2; ggplot2 v3.4.4 

100,000 random sets of 18 x 2-kb promoters; GC = 34%; 
exact motifs plus reverse complements; empirical P values 
with +1 correction; Benjamini-Hochberg FDR; figures exported 
at 600 dpi where possible. 

Table 7. Software versions and principal parameters specified for the reproducible 2024 464 
RNA-seq reanalysis workflow. 465 
Note: The table documents the parameter set used for the RNA-seq reanalysis. If any pipeline 466 
component is changed, counts, differential-expression statistics, and figures should be 467 
regenerated from the same updated workflow. 468 
 469 

CONCLUSIONS 470 
By reanalyzing public RNA-seq data for Guiwei and Yurong lychee leaves after P. litchii 471 

inoculation, this study identifies cultivar-specific transcriptional patterns and prioritizes candidate 472 
genes with defense-related annotations, including lectin, pathogenesis-related protein, 473 
thaumatin/osmotin-like, calcium-binding, and lipid-transfer protein families. The selected-gene 474 
interaction contrast highlights both Guiwei- and Yurong-skewed responses, while promoter-475 
background testing suggests that ARE, MeJA-responsive, TCA, and TC-rich elements are 476 
enriched in the promoters of the selected candidates. These findings should be viewed as a 477 
hypothesis-generating resource for qRT-PCR validation, functional assays, and marker 478 
development in lychee resistance research. 479 

SUPPLEMENTARY MATERIALS 480 

Supplementary Table S1: Rationale for selection of the 18 candidate differentially expressed 481 
genes, including rounded log2FC evidence, adjusted-P threshold status, predicted annotations, 482 
representative homolog/domain information, known defense relevance, and reason retained. 483 
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Supplementary File S2. Reproducible workflow command templates and code-availability 484 
package, including Bash, R, and Python script templates for raw-read processing, count-table 485 
generation, DESeq2 pairwise and interaction analyses, Plant Reactome/homolog mapping, 486 
promoter-background simulation, and figure generation. 487 

Supplemental materials are available at https://zenodo.org/records/20007391 488 
Data Availability Statement: The RNA-seq data analyzed in this study are publicly available 489 

in the NCBI Gene Expression Omnibus under accession GSE201243, with raw reads available 490 
through the linked SRA records and BioProject PRJNA830488. The reference genome resource 491 
is available through NCBI BioProject PRJNA747875 and the SCAU_Lch_v2.0 assembly record. 492 
Plant Reactome mapping resources are publicly available from the Plant Reactome download 493 
portal. Derived tables and command templates supporting the analyses are provided in the 494 
Supplementary Materials; additional intermediate files are available from the corresponding 495 
author upon reasonable request. 496 
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