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Abstract
Background  The abnormal chloroplast and pigment accumulation could lead to plant yellowing. However, the 
plant tissue chlorisis is species-specific and could display various phenotypes due to the genetic and environmental 
impacts. The molecular mechanisms underlying the plant stem yellowing are less understood than the flower or 
leaf coloring mechanisms. Herein, the physiological, cytological, transcriptome analysis, along with genome-wide 
association study (GWAS) were integrated to illustrate the processes relevant to pumpkin stem coloring.

Results  Similar yet different variations were discovered in the pumpkin yellow stems. Low content of photosynthetic 
pigments, and impaired chloroplast thylakoid membrane were identified in the pumpkin yellowing stems, together 
with the presence of plastoglobules and starch grains. Elevated expression of genes in catabolism of chlorophylls 
and carotenoids was found in yellow stems, which may result in the failed accumulation of pigments and pumpkin 
stem chlorisis. Concurrently, increased expression of genes in chloroplast development, antioxidant protection, 
photosynthesis, and ribosome were found, which may act as compensation mechanisms for chloroplast defects. 
The integrated analysis of transcriptome and GWAS identified the up-regulated proteases and decreased kinesins 
in yellow stems, which could result in the breakdown of thylakoid systems, and the disability of photosynthetic 
pigments accumulation. Additionally, transcription factors could be involved in the regulation of the specific color 
change in pumpkin stems.

Conclusions  These findings provide clues into the molecular mechanisms of stem yellowing, and will facilitate the 
exploration of candidate targets as markers or genetic improvement through molecular breeding.
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Background
Chloroplasts are essential organelles for plant photosyn-
thesis and many crucial metabolic pathways. Photosyn-
thetic pigments, including chlorophylls and carotenoids, 
are mostly produced in chloroplast, and then stored in 
specific tissues [1]. Chlorophylls take charge of the light 
absorption and excitation energy transfer within the 
photosynthetic complexes. Carotenoid molecules local-
ized in the thylakoid membrane as vital antioxidants and 
photo-protectors [2–4]. The chlorophyll–carotenoid–
protein complexes are formed in thylakoids coupled with 
the light-harvesting antenna of photosystem I (PSI) and 
photosystem II (PSII). The structure is vital to the light-
harvesting complexes stabilization, energy transfers, 
photochemical redox reactions, photo-protection, and 
the PSII function. Chloroplast defects in plant tissues 
generally accompany with the loss of chlorophylls and 
carotenoids [5–7]. The chlorophyll-carotenoid-proteins 
break down in thylakoids during the plant yellowing or 
senescence [8]. However, the chlorisis phenotypes are 
various and species-dependent, which makes them valu-
able resources for exploring the chloroplast development, 
photosynthesis, chlorophyll and carotenoid metabolism.

The functional chloroplast and photosynthesis estab-
lishment rely on two precise regulatory phases, which 
are controlled by different mechanisms [9]. The initial 
phase is light-induced rapid changes in gene expression, 
metabolite production, chlorophyll accumulation and 
plastid structure. In the second phase, chloroplast acti-
vation-triggered signal is required for the full transition 
to a functional chloroplast. Dramatic gene expression 
changes could happen in the nuclear during the process. 
The signal makes the plant coordinate and synchronize 
the expression of photosynthetic genes from the nuclear 
and chloroplast genomes [9]. Pentatricopeptide repeat 
proteins (PPR), are one of the largest nuclear-encoded 
protein families in higher plants. They are involve in the 
post-transcriptional regulation of chloroplast genes and 
have impressive effects on chloroplast biogenesis and 
function, consequently, on the photosynthesis through 
the cooperative action of RNA metabolism [10]. Filamen-
tation temperature-sensitive H (FtsH) and mitochondrial 
transcription termination factor (mTERF) are positive 
regulators of the chloroplast development [5]. Protochlo-
rophyllide reductase (POR) and stay-green protein (SGR) 
are involved in chlorophyll biosynthesis. It is reported 
that the chlorophyll content decreased in por and sgr 
mutations of the tea (Li et al., 2019; Ma et al., 2018). NOL 
and HCAR are two vital genes during the chlorophyll 
degradation. They convert chlorophyll b to chlorophyll 
a. PDS and ZDS are involved in carotenoid metabolism, 
and gene silencing could induce the albino phenotypes 
(Wang et al., 2020; Zhang et al., 2021).

Notably, chloroplast genome encodes about half of sub-
units of PSI and PSII, cytochrome b6/f complex, NADH 
dehydrogenase-like complex (NDH), and ATP synthase 
(ATPase) in thylakoid membranes. These genes mediate 
electron transport and ATP synthesis during photosyn-
thesis [11]. Besides, plants have chloroplast ribosomes. 
They are essential for the translation of the core proteins 
involved in photosynthesis [12, 13]. Many of the subunits 
are synthesized on the thylakoid-bound ribosomes and 
inserted into the thylakoid membrane [11]. A bacterial-
type chloroplast ribosome 70S consisting of a 50S large 
subunit and a 30S small subunit, is vital to the chloro-
plast translation machinery and protein biosynthesis 
[13]. Mutations of genes involved in the associated pro-
cesses could result in the abnormal chloroplast structure, 
decreased photosynthetic capacity, tissue color changes 
at different degrees or growth delay [5, 14].

Besides, photoexcitation of free chlorophylls, carot-
enoids and associated metabolic intermediates could 
generate reactive oxygen species resulting in color varia-
tion in plants. Phytohormone signalling, mainly includ-
ing ethylene, abscisic acid (ABA), and jasmonic acid (JA), 
could mediate chlorophyll degradation [15]. Therefore, 
chloroplast development and pigment formation are pro-
gressive processes, and regulated by diverse clues [15]. 
Pumpkin is one of the most important Cucurbita crops 
in the world. Either pumpkin fruits, seeds, or leaves are 
favourable food with valuable nutrients, including carot-
enoids, proteins, monounsaturated or polyunsaturated 
fatty acids, and amino acids [16, 17]. Stem development 
is vital to the absorption and transfer of nutrients. Stem 
yellowing may impact plant growth and crop yield. To the 
best of our knowledge, few studies explored the molec-
ular mechanisms related to the stem yellowing in the 
pumpkin. In the study, we characterized phenotypes of 
different pumpkin materials, and selected three varieties 
of which stems separately displayed regular green, yellow, 
and pale yellow colors for further analysis. Comprehen-
sive comparison analysis was applied at physiological, 
cytological, and gene transcriptional levels, to explore 
molecular mechanisms of the pumpkin stem coloring. 
Genome-wide association study (GWAS) was integrated 
with transcriptome data to discover factors involved in 
stem yellowing. Findings in the study will be valuable for 
understanding the pumpkin stem coloring mechanism 
and associated molecular breeding.

Materials and methods
Pumpkin materials planting and sampling
Pumpkin varieties P11, P144 and P64, which beong to 
Cucurbita moschata, were chosen as the experimental 
materials. They are the high-generation selfed progenies 
constructed by the Vegetable Research Institute, Guang-
dong Academy of Agricultural Sciences, and separately 
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display green, yellow and pale yellow colors. Three vari-
eties display green and healthy leaves, and normal fruit 
development. Firstly, seeds were soaked at 50℃ for four 
hours before keeping in the incubator at 30℃. After two 
days in the dark, the germinated seeds were nursed in 
seedling trays (nutrient soil: perlite: vermiculite = 5:1:1). 
Seedlings with three true leaves were transplanted to the 
field (Baiyun experimental base, Guangzhou, China), and 
cultivated until two months old. Following, mature (S1, 
S2 and S3) and young stems (YS1, YS2 and YS3) were 
separately collected from P11, P144 and P64 for the sub-
sequent physiological measurement and transcriptome 
analysis. Three biological replicates were included for 
each analysis. In addition, mature stem sections from 
different materials were carefully harvested and imme-
diately fixed for ultrastructure observation. Besides, 103 
Cucurbita moschata accessions (Supplementary Table 
1) with varied stem color phenotypes were investigated. 
Fresh leaves were collected for sequencing and genome-
wide association study (GWAS) to identify the genetic 
variants of the associated trait.

Measurement of photosynthetic pigments
A half gram of stems was ground to powder. Pigments 
were fully extracted using 10 mL of 95% ethanol in the 
dark. The homogenate was filtrated, and the solution with 
pigments was collected. The absorbance of chlorophyll a, 
chlorophyll b and carotenoids was separately determined 
at 665, 649, and 470 nm wavelengths, with 95% ethanol as 
the control [7].

Examination of stem sections through transmission 
electron microscopy
The fresh stem was carefully cut into small pieces (2 mm 
× 2 mm) using the sharp blade and immediately fixed in 
the electron microscope fixative with 2% glutaraldehyde 
in 100 mM phosphate buffer (pH 7.0) at 4℃. After post-
fix with 1% osmium tetroxide in 100 mM phosphate buf-
fer (pH 7.4) under dark, tissue was dehydrated using an 
ethanol gradient series (30%, 50%,70%, 80%, 90%, 95%, 
and 100%), ethanol/acetone solutions with three differ-
ent concentrations (3:1, 1:1 and 1:3), and pure acetone. 
Samples were then penetrated and embedded in EmBed 
812 resin. Sections were cut on the Leica UC7 ultrami-
crotome (Leica, Germany), then stained with 2% uranium 
acetate saturated alcohol solution and 2.6% lead citrate. 
The stained section was observed under the HT7800 
transmission electron microscope (Hitachi, Japan), and 
images were captured.

RNA extraction, library construction, and sequencing
RNA was extracted using the Trizol reagent (TaKaRa, 
Japan). RNA concentration was measured using the 
Qubit 2.0 fluorometer (Thermo Fisher Scientific, MA, 

USA). The integrity and purity of RNA were assessed 
through the agarose gel electrophoresis, and the quality 
was further verified using Agilent 2100 Bioanalyzer (Agi-
lent, CA, United States). Following, the cDNA library 
was constructed and validated through quality control 
assays. Library concentration and size distribution were 
separately examined through Qubit dsDNA high sensi-
tivity assay and Agilent ScreenTape assay. Molarities were 
calculated and libraries were normalized using Kapa Bio-
Systems qPCR method before pooling and sequencing on 
the Illumina platform [17].

Data analysis of RNA-sequencing
Sequencing data is available on CNGB Sequence Archive 
(CNSA) of China National Genebank DataBase (CNG-
Bdb) with accession number CNP0006173. The clean 
reads were aligned to the reference genome of Cucurbita 
moschata (http://cucurbitgenomics.org/). DESeq2 ​p​a​c​
k​a​g​e was applied to analyze the differentially expressed 
genes (DEGs) between green and yellow stems, includ-
ing S1 vs. S2, S1 vs. S3, YS1 vs. YS2, and YS1 and YS3. 
Genes that differently expressed with p-value less than 
0.05 after statistical significance testing were considered 
as significant [17]. Genes were annotated and enrichment 
analysis were performed using the Gene Ontology (GO), 
Kyoto Encyclopedia of Genes and Genomes (KEGG), and 
Nr databases.

GWAS and WGCNA
The factored spectrally transformed linear mixed model 
(FaST-LMM) (v2.07) was performed for GWAS [18]. 
The data of single nucleotide polymorphism (SNP) 
used for the association analysis was from the Cucur-
bita moschata genome (http://cucurbitgenomics.org/). 
A threshold of -log10(p) = 5 was used for the significant 
association detection in the study. Genes located within 
the extended either upstream or downstream 100  kb 
region of all significant SNPs were considered as candi-
date genes relevant to the target phenotype. Following, 
expression data of all potential trait-associated genes was 
extracted from the above transcriptome data. WGCNA 
was conducted using the FPKM values of these potential 
genes [19]. DEGs that could be associated with the chlo-
risis were discovered by gene annotation and expression 
changes in different pumpkin varieties.

Quantitative real-time PCR
RNA isolation and cDNA synthesis were performed as 
previously described [17]. Differentially expressed genes 
related to the pumpkin stem yellowing were selected for 
validation. Primers for gene amplification were designed 
using Primer Premier 5 (Supplementary Table 2). The 
internal reference gene actin was used to normalize the 
expression levels. The amplification was conducted on 

http://cucurbitgenomics.org/
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the CFX96 machine (Bio-Rad, CA, United States). The 
relative gene expression levels were determined using the 
2−ΔΔCT method.

Results
Morphology characterization, photosynthetic pigments 
variation and chloroplast defects of pumpkin yellow stems
The mature stem colors of S1, S2 and S3 were dark 
green, yellow and pale yellow, respectively (Fig.  1-A-B). 
However, slightly green color was found in the young 
yellow stems YS2 and YS3, indicating the de-greening 
process during the stem development. Interestingly, the 

greenness of YS2 and YS3 was not comparable to YS1, 
hinting the absence of pigments since the initial stage of 
yellow stem development. Physiological analysis found 
photosynthetic pigments chlorophylls and carotenoids 
were dramatically reduced (Fig.  1-C-F), which led to 
the prominent stem chlorisis. In addition, young yel-
low stems YS2 and YS3 had relatively higher content of 
pigments than mature stems S2 and S3 (Fig. 1-C and E), 
which results were consistent with the displayed pheno-
types. Another index chlorophyll a/b ratio was decreased 
with the stem development (Fig.  1-D and F). However, 
the chlorophyll a/b ratio in S2 and S3 was significantly 

Fig. 1  The phenotypic comparison of three different pumpkin varieties (S1, S2 and S3), and the analysis of photosynthetic pigments and chloroplast 
ultrastructures of pumpkin stems. (A) Three pumpkin varieties S1, S2 and S3. (B) The stems of three pumpkin varieties at two different developmental 
stages (mature stems S1, S2 and S3, young stems YS1, YS2 and YS3), including the whole stem segment, and the corresponding transverse and longitudi-
nal sections. (C) Contents of photosynthetic pigments of the pumpkin mature stems. (D) Chlorophyll a/b ratio of the pumpkin mature stems; (E) Contents 
of photosynthetic pigments of the pumpkin young stems. (F) Chlorophyll a/b ratio of the pumpkin young stems; “* " indicates the significant difference 
of the same index between green and yellow stems (t-test, p < 0.05). G-I. Chloroplast ultrastructures of the pumpkin mature stems of S1, S2 and S3 (CH, 
chloroplast; SG, starch grain; TH, thylakoid; PG, plastoglobule)
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lower than S1. And, S3 had the lowest chlorophyll a/b 
ratio, which may explain the pale yellow stem color.

Notably, no chlorisis was observed in the pumpkin leaf 
as previously indicated. The finding was consistent with 
results from the photosynthesis measurements (Supple-
mentary Fig.  1). The relative chlorophyll content in yel-
low tissues was significantly lower than the green tissues 
(Supplementary Fig. 1-A). However, the chrolophyll 
contents in leaves from two pumpkin accessions sepa-
rately with normal green and yellow stems were similar 
(Supplementary Fig. 1-B). Interestingly, chlorophyll fluo-
rescence parameters, including ΦPSII, Fv’/Fm’ and qP 
in the pumpkin with yellow stems were all significantly 
higher (Supplementary Fig. 1-C-H). Further, examination 
of stem sections through transmission electron micros-
copy found few difference in the chloroplast number in 
the cell from three stem materials. However, abnormal 
chloroplast ultrastructure with disrupted thylakoid sys-
tems were discovered in both S2 and S3, together with 
the accumulated plastoglobules and presented starch 
grains (Fig.  1-G-I). The increased plastoglobules size in 
yellow stems could be correlated with the disassembly of 
the thylakoid system. However, S1 had intact chloroplast 
structure.

Gene expression profiles and enrichment analysis
The pumpkin stem transcriptome analysis identified 
31,470 genes, including 1135 novel genes (Supplemen-
tary Table 3). Comparative analysis was performed to 
discover DEGs in yellow stems (Supplementary Fig.  2). 
There were 8175 (S2 vs. S1, 4550 up-regulated, 3625 
down-regulated) (Supplementary Table 4), 6957 (S3 vs. 
S1, 3777 up-regulated, 3180 down-regulated) (Supple-
mentary Table 5), 5031 (YS2 vs. YS1, 2887 up-regulated, 
2144 down-regulated) (Supplementary Table 6), and 
4537 (YS3 vs. YS1, 2328 up-regulated, 2209 down-regu-
lated) (Supplementary Table 7) DEGs found, respectively. 
Genes with increased expression were more than those 
with decreased abundance in the specific comparions 
between the yellow and green stems. It was apparent that 
more DEGs (62.5% increase in S2-vs-S1 than YS2-vs-
YS1, 53.3% increase in S3-vs-S1 than YS3-vs-YS1) were 
induced in mature yellow stems, indicating more genes 
were involved in the process of stem yellowing. Upset 
analysis identified 641 significantly regulated genes in 
four different comparisons (S2 vs. S1, S3 vs. S1, YS2 vs. 
YS1, and YS3 vs. YS1) (Supplementary Fig. 2-B, Supple-
mentary Table 8).

GO functional classification were applied to clarify the 
molecular function of DEGs in yellow stems. The top ten 
functional categories were displayed (Fig.  2-A-D). With 
the stem development, expression of genes related to 
cytoskeletal protein binding, microtubule binding, and 
tubulin binding were prominently decreased in mature 

yellow stems. Kinesin, myosin, and microtubule-associ-
ated protein that with the function of cytoskeletal protein 
binding were found and down-regulated. In addition, GO 
analysis were separately applied to DEGs with increased 
and decreased expression. Biological processes photosyn-
thesis and chloroplast organization were enriched and 
mostly up-regulated, whereas phosphorylation, cell cycle, 
and cell division related genes were down-regulated in 
yellow stems (Fig. 2-E, Supplementary Fig. 3–4). Besides, 
KEGG analysis identified regulated carbon metabo-
lism (S2 vs. S1 and S3 vs. S1), biosynthesis of secondary 
metabolites (S2 vs. S1, S3 vs. S1, YS2 vs. YS1, and YS3 
vs. YS1), biosynthesis of amino acids (S2 vs. S1, S3 vs. S1, 
and YS2 vs. YS1), phenylpropanoid biosynthesis (YS2 vs. 
YS1 and YS3 vs. YS1), and alanine, aspartate and gluta-
mate metabolism (S2 vs. S1 and S3 vs. S1) (Fig. 2-F, Sup-
plementary Fig. 5–8). Further STRING analysis found 67 
of the 641 common DEGs were enriched in five biological 
processes, including response to light stimulus, photo-
synthesis, thylakoid membrane organization, chloroplast 
organization, and plastid organization. Expression analy-
sis found most genes in these biological processes were 
up-regulated in yellow stems (Supplementary Fig. 9).

Abnormal metabolism and accumulation of chlorophylls 
and carotenoids
The metabolism of chlorophylls and carotenoids in yel-
low stems was analyzed because of the identification 
of abnormal pigment accumulation. Porphyrin is vital 
to the production of chlorophylls. DEGs in S2 and S3 
were enriched in porphyrin metabolism, which could 
be important during the stem coloring (Fig.  3, Supple-
mentary Tables 4, 5, 6, 7). Protochlorophyllide reductase 
(POR) and chlorophyllide a oxygenase (DVR) coding 
genes were regulated and all significantly increased in 
either mature or young yellow stems of S2 and S3, indi-
cating the increased formation of chlorophyllide a. How-
ever, chlorophyllase (CLH), pheophorbide a oxygenase 
(PAO) and red catabolite reductase (RCCR) were all 
increased in S2 and S3. These genes play important roles 
in chlorophyll degradation. The higher abundance of 
chlorophyll(ide) b reductase (NOL) and 7-hydroxymethyl 
chlorophyll a reductase (HCAR) coding genes were also 
found in yellow stems. They are essential during the con-
version of chlorophyll b to chlorophyll a. The up-regu-
lated genes involved in the chlorophyll degradation could 
be related to the few chlorophylls found in yellow stems.

DEGs involved in carotenoid biosynthesis and metabo-
lism were also analyzed. PSY, PDS, Z-ISO, ZDS, CRTISO, 
LCYE and LCYB involved in carotene biosynthesis, 
LUT1, CRTZ, and LUT5 involved in lutein biosynthe-
sis, DWARF27, CCD7 and CCD8 involved in carlactone 
biosynthesis, VDE, ZEP, NXS, NCED, ABA2 and AAO3 
involved in ABA biosynthesis, were mostly up-regulated 
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Fig. 2  GO and KEGG analysis. A-D. Top ten enriched GO functional categories using DEGs in yellow stems (A. S2 vs. S1, B. S3 vs. S1, C. YS2 vs. YS1, D. YS3 vs. 
YS2) (ranked according to the percentage of DEGs annotated on the specific GO category to all DEGs). The purple and green colors separately represent 
the number of up- and down-regulated genes. E-F. The combined enrichment analysis of DEGs from four different comparisons. The upper (E) and lower 
(F) bubble charts separately showed the GO and KEGG enrichment results. The q value of all enriched pathways in the specific comparison was ranked, 
and the top 15 pathways with the lowest q value from four comparisons were combined and displayed. The y-axis and x-axis separately represent the 
enriched pathways in the corresponding comparisons. The bubble size and color separately represent the number of DEGs enriched in the correspond-
ing pathways and the enrichment significance
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in yellow stems (Fig. 4, Supplementary Tables 4, 5, 6, 7). 
In detail, six PSY genes, encoding the major rate-limiting 
enzyme in carotenoid biosynthesis, were significantly 
regulated. And, five PSYs were increased in either S2 or 
S3. In addition, PDS and CRTISO, which of catelyza-
tion result in the generation of lycopene, were all with 
increased expression in yellow stems. Following, LYCE 

and LYCB that contribute to the formation of carotene, 
increased in S2, in particular. ZEP and VDE which are 
vital to the epoxidation and de-epoxidation of zeaxan-
thin to form antheraxanthin and violaxanthin in the core 
carotenoid biosynthetic pathway, were elevated in young 
yellow stems. Concurrently, up-regulated CCD7, CCD8 
and DWARF27 in carlactone biosynthesis implied the 

Fig. 3  Heatmaps of DEGs related to KEGG pathway porphyrin metabolism. EARS, glutamyl-tRNA synthetase; HEMA, glutamyl-tRNA reductase; HEML, 
glutamate-1-semialdehyde 2,1-aminomutase; HEMB, porphobilinogen synthase; HEMC, hydroxymethylbilane synthase; HEME, uroporphyrinogen de-
carboxylase; HEMD, uroporphyrinogen-III synthase; CPOX, coproporphyrinogen III oxidase; PPOX, protoporphyrinogen/coproporphyrinogen III oxidase; 
HEMH, protoporphyrin/ coproporphyrin ferrochelatase; HO, heme oxygenase; HY2, phytochromobilin: ferredoxin oxidoreductase; CHLH, magnesium che-
latase subunit H; BCHM, magnesium-protoporphyrin O-methyltransferase; ACSF, magnesium-protoporphyrin IX monomethyl ester (oxidative) cyclase; 
POR, protochlorophyllide reductase; DVR, chlorophyllide a oxygenase; SGR, magnesium dechelatase; PAO, pheophorbide a oxygenase; RCCR, red chloro-
phyll catabolite reductase; CLH, chlorophyllase; CHLG, chlorophyll/bacteriochlorophyll a synthase; CAO, divinyl chlorophyllide a 8-vinyl-reductase; NOL, 
chlorophyll(ide) b reductase; HCAR, 7-hydroxymethyl chlorophyll a reductase. Red and blue colors separately represent the increase and decrease in the 
abundance of genes in corresponding comparisons

 



Page 8 of 17Deng et al. BMC Plant Biology          (2025) 25:686 

Fig. 4 (See legend on next page.)
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enhanced carotenoid catabolism in mature yellow stems. 
Additionally, 11 ABA2 and four AAO3 genes in ABA bio-
synthesis pathway were regulated and mostly increased 
in yellow stems, implying the enhanced ABA production.

Increased expression of thylakoid membrane constituents, 
chloroplast development-associated factors, and 
plastoglobule proteins coding genes
Extensive regulations on constituents of thylakoid 
membranes were identified in yellow stems, including 
31 genes belonging to LHC, 41 genes in PSII, 20 genes 
in PSI, 12 genes mediating the photosynthetic electron 
transport, and 18 genes encoding the F-type ATPase 
subunits (Fig. 5, Supplementary Tables 4, 5, 6, 7). These 
DEGs were enriched in KEGG pathways photosynthesis 
and photosynthesis-antenna proteins. Most of them were 
up-regulated in yellow stems, especially in S2, indicating 
efforts to improve the photosynthetic reactions.

Genes related to the chloroplast development were 
analyzed. The fluctuant expression of a large number of 
PPRs was identified. There were separately 59, 39, 22 and 
25 PPRs regulated in four comparisons S2 vs. S1, S3 vs. 
S1, YS2 vs. YS1, and YS3 vs. YS1 (Supplementary Tables 
4, 5, 6, 7). Interestingly, most PPRs were increased in yel-
low stems. There were 42 (71.2% of the regulated) and 28 
(71.8% of the regulated) PPRs had increased expression 
in S2 and S3, respectively. Similarly, the abundance of 12 
and 22 PPRs were separately increased in YS2 and YS3. 
Further analysis found most FtsH had higher expression 
in yellow stems. All regulated FtsH (17 in S2, eight in S3, 
and five in YS2) displayed increased expression in yellow 
stems. Only one FtsH had decreased abundance in YS3 
(three up-regulated, one down-regulated). In addition, 
the regulation of mTERF was also discovered in yellow 
stems. A total of 13 (10 increased, three decreased), 10 
(six increased, four decreased), eight (four increased, four 
decreased), and seven (four increased, three decreased) 
mTERFs were regulated in S2, S3, YS2 and YS3, respec-
tively. Therefore, chloroplast development associated 
genes were mostly increased. It is likely that the chloro-
plast defects was controlled by other factors.

Following, transcriptome analysis found genes encod-
ing the distinct proteome of chloroplast plastoglob-
ules, including four BC1 (ABC1 complex) kinases, 
one tocopherol cyclase (VTE1), and four carotenoid 
cleavage dioxygenase (CCD4). The abundance of four 
ABC1K3 (CmoCh02G002390, CmoCh03G008080, 

CmoCh05G006600 and CmoCh11G012660) were all 
higher in S2 than S1. These ABC1K3 had compara-
ble abundance among young stems. Except for Cmo-
Ch03G008080, the expression of other three ABC1K3 
increased with stem maturation. The expression changes 
of ABC1K3 could be associated with the increased plas-
toglobules in the chloroplast. However, neither VET1 
nor CCD4 had apparent expression changes among three 
varieties.

Up-regulation of ribosome and proteasome KEGG 
pathways
Notably, enrichment analysis identified 190 DEGs 
enriched in the KEGG pathway ribosome, including 
110 large and 80 small ribosomal subunit coding genes. 
A big portion of these genes had higher expression in 
young stems than mature stems, which is in line with the 
necessity of plant development (Fig. 6-A, Supplementary 
Tables 4, 5, 6, 7). GO annotation found 73 chloroplast 
ribosomal subunits, including 34 genes encoding the 50 S 
large ribosomal subunits and 13 genes encoding the 30 S 
small ribosomal subunits. The 50  S and 30  S ribosomal 
subunits belong to the 70 S ribosome which is involved 
in protein biosynthesis in chloroplasts. Gene expres-
sion analysis revealed that these chloroplast ribosome 
genes were mostly increased in mature yellow stems S2 
and S3 (Fig. 6-B, Supplementary Tables 9, 10, 11), which 
was consistent with the overall increase of the chloro-
plast protein coding genes. Strikingly, more fluctuations 
of ribosome associated genes were identified in S2, sug-
gesting the vigorous protein biosynthesis in the pumpkin 
variety S2.

Similarly, up-regulated KEGG pathway proteasome 
was found in yellow stems, especially in S2 (Fig.  6-C). 
There were 40 DEGs, including 20 genes encoding the 
20 S proteasome subunits, 16 genes encoding 26 S pro-
teasome regulatory subunits, one proteasome activator 
subunit 4, one proteasome inhibitor subunit 1 (PI31), 
one 26 proteasome complex subunit DSS1, and one pro-
teasome maturation protein. Three proteasome subunits 
CmoCh14G012210 (20  S proteasome subunit alpha 1), 
CmoCh06G013990 (20  S proteasome subunit beta 4), 
CmoCh12G006140 (26 proteasome complex subunit 
DSS1) were up-regulated in the mature yellow stems S2 
and S3.

(See figure on previous page.)
Fig. 4  Heatmaps of DEGs involved in KEGG pathway carotenoid biosynthesis and metabolism. PSY, 15-cis-phytoene synthase; PDS, 15-cis-phytoene de-
saturase; Z-ISO, zeta-carotene isomerase; ZDS, zeta-carotene desaturase; CRTISO, prolycopene isomerase; LCYE, lycopene epsilon-cyclase; LCYB, lycopene 
beta-cyclase; LUT1, carotenoid epsilon hydroxylase; CRTZ, beta-carotene 3-hydroxylase; LUT5, beta-ring hydroxylase; DWARF27, beta-carotene isomerase; 
CCD7, 9-cis-beta-carotene 9’,10’-cleaving dioxygenase; CCD8, carlactone synthase/all-trans-10’-apo-beta-carotenal 13,14-cleaving dioxygenase; VDE, vio-
laxanthin de-epoxidase; ZEP, zeaxanthin epoxidase; NXS, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; ABA2, xanthoxin dehydroge-
nase; AAO3, abscisic-aldehyde oxidase; CYP707A, (+)-abscisic acid 8’-hydroxylase. Red and blue colors represent increased and decreased expression of 
genes in corresponding comparisons, respectively
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Fig. 5  Heatmaps of DEGs involved in photosynthesis. LHC, light harvesting chlorophyll protein complex; PSI, photosystem I; PSII, photosystem II. Red and 
blue colors separately represent the up- and down-regulation of genes in corresponding comparisons
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GWAS and integrated analysis with transcriptome
There were 104 trait-related single-nucleotide polymor-
phisms (SNPs) identified, with the prominent SNPs being 
discovered on chromosome 14. 906 genes were located 
within the extended regions of all significant SNPs 
(Fig.  7-A, Supplementary Table 1). 129 out of the 906 
genes had SNP either on the coding sequence or the cor-
responding promoter (upstream 3000 bp of the initiation 
codon). GO analysis found that 92 genes belonged to the 
cellular component chloroplast, and part of them were 
involved in photosynthesis. The integrated GWAS and 

transcriptome data found the up-regulated chloroplast 
components in yellow stems (Fig. 7-B). WGCNA analysis 
using the expression data of the GWAS-identified genes 
generated four modules (Supplementary Tables 12, 13, 
14, 15, Supplementary Fig.  10-A-D). Genes in the blue 
module had higher expression in yellow stems, and a big 
portion of them were associated with chloroplast or pho-
tosynthesis (Supplementary Table 12). The top hub gene 
in the blue module was CmoCh20G008280 (Cathepsin 
B-like cysteine proteinase). In addition, the abundance 
of CmoCh20G008280 in mature stems was higher than 

Fig. 6  Heatmaps of DEGs involved in KEGG pathways ribosome and proteasome, respectively. (A) DEGs involved in pathway ribosome. (B) DEGs be-
longing to chloroplast ribosome. (C) DGEs involved in pathway proteasome. Red and blue colors separately represent the increase and decrease in the 
abundance of genes in the correspnding comparisons

 



Page 12 of 17Deng et al. BMC Plant Biology          (2025) 25:686 

Fig. 7  GWAS and gene expression analysis related to stem colors. (A) Manhattan plot generated from GWAS results by FaST-LMM. The y-axis and x-axis 
separately represent the -log10(p) and chromosome locations. A threshold of -log10(p) = 5 was used for the significant association detection. (B) Heatmap 
generated using the FPKM of 92 genes that belong to the cellular component chloroplast. (C) Venny analysis of the GWAS identified genes, and DEGs in 
yellow stems S2 and S3. (D) Kinesin and tubulin coding genes enriched in the microtubule-based biological process
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young stems, indicating the potential function during 
stem development and yellowing. Genes in turquoise 
(Supplementary Table 13) and yellow modules (Supple-
mentary Table 14) had the pattern of lower expression in 
yellow stems. 81 genes identified by GWAS were down-
regulated in both S2 and S3 (Fig. 7-C).

String analysis of these genes found five regulated 
genes enriched in microtubule-based biological pro-
cess (Fig.  7-D), including three kinesin coding genes 
(CmoCh16G005050, CmoCh14G009460 and Cmo-
Ch20G008240), and two tubulin coding genes (Cmo-
Ch14G009330 and CmoCh14G021410). It is notable 
that CmoCh14G009460 (position: 5027092 ~ 5033298, 
number of exons: 18 exons) was located on chromosome 
14 and was the only one of the five genes that had SNP 
(C/T, position: 5034400, p value = 7.41E-06) detected on 
the promoter (ATG start codon upstream 565 bp). Cmo-
Ch14G009460 is the homolog of Arabidopsis thaliana 
kinesin-14 member KIN14I. The expression of Cmo-
Ch14G009460 in yellow stems were just half of that in 
green stems. In addition, it has the highest expression 
compared to other two kinesin genes. These findings 
suggested that CmoCh14G009460 could be one of the 
candidate genes associated with the stem yellowing. The 
promoter analysis of CmoCh14G009460 using PlantPAN 
found the change of C to T resulted the loss of transcrip-
tion factor (TF) binding sites, including bZIP, NAC, AP2, 
Trihelix and bHLH TFs. There were 1080 differentially 
expressed TFs. And 38 TFs were regulated in all four 
comparisons, indicating the potential roles during stem 
yellowing (Supplementary Fig. 11).

qRT-PCR validation
Genes with distinct expression profiles between the yel-
low and green stems were selected for qRT-PCR valida-
tion (Supplementary Table 2). The expression patterns of 
these genes determined by qRT-PCR was highly consis-
tent with RNA-seq data, which indicated that the reliabil-
ity of the transcriptome data (Supplementary Fig. 12).

Discussion
Similar yet different mechanisms were involved in the 
pumpkin stem coloring
Mounting evidence has proven variations in chloroplast 
development, photosynthetic pigments metabolism, and 
photosynthesis during the coloring of plant tissues [5, 7, 
20]. However, thees processes could be controlled by var-
ious factors, resulting in species-specific color changes. 
There were a considerable number of reports on abnor-
mal yellowing, albinism or leaf senescence with varied 
phenotypes [21, 22]. However, few studies demonstrated 
the molecular mechanisms underlying the pumpkin 
stem coloring. The abnormal accumulation of photo-
synthetic pigments and disrupted thylakoid membrane 

found in pumpkin stems were also discovered in rice 
yellow leaves [23] and Ginkgo striped white leaves [24]. 
However, the accumulated plastoglobules in mature yel-
low stems, along with the presence of starch grains, were 
different from the previous findings [5, 7]. Plastoglobules 
have function in lipid biosynthesis and act as the storage 
site for thylakoid membrane catabolites. They become 
supersized after the chlorophyll degradation [25–27]. It 
is notable that leaf of the pumpkin varieties with yellow 
stems were normal and green, whereas, pumpkin stem 
yellowing happened at the early stage of its development 
and aggravated with the maturation. Hence, the pumpkin 
stem yellowing was tissue-specific and could be impacted 
by the plant development. It was suggested that simi-
lar yet different genetic factors could be involved in the 
pumpkin stem yellowing.

Abnormal metablism of photosynthetic pigments were 
associated with the stem yellowing
The failed pigment accumulation in pumpkin yellow-
ing stems suggested there could be abnormal pigment 
catabolism. Previously, expression of chlorophyll biosyn-
thesis genes (POR and DVR) decreased and chlorophyll 
degradation gene (SGR) increased in jujube albino leaves 
[5]. In similar, up-regulated chlorophyll degradation 
genes (NOL, HCAR, CLH, PAO and RCCR) were found 
in yellow stems. CLH is the rate-limiting enzyme in chlo-
rophyll catabolism. It was reported that expression of Cit-
rus sinensis CLH led to extensive chlorophyll breakdown 
in both tobacco protoplasts and squash leaves [28]. NOL 
and HCAR are important genes during the conversion of 
chlorophyll b to chlorophyll a, while down-regulation of 
them could block the process. It was reported that PAO 
cleaves the porphyrin ring of the chlorophyll catabolites 
and results in the loss of green color [29]. The synchro-
nous increase of these genes could significantly diminish 
chlorophylls, leading to stem de-greening.

In addition to chlorophylls, the regular synthesis and 
degradation of carotenoids are also crucial in green tis-
sues. PSY plays a critical role in controlling the total 
amount of synthesized carotenoids. In the study, the 
massive up-regulation of PSYs indicated the accelerated 
condensation of GGPP (geranyl-geranyl-PP) which is a 
precursor for chlorophyll and gibberellin biosynthesis 
[4, 30]. β-carotene and lutein, together with violaxanthin 
and neoxanthin, are the richest carotenoids in the chlo-
roplast. Genes involved in the biosynthesis of β-carotene 
and lutein was enhanced in yellow stems. It is inconsis-
tent with the decreased expression of genes involved 
in the carotenoid biosynthesis in the arecanut and tea 
with leaf albinism [7, 31]. ZEP and VDE, which are vital 
for the generation of violaxanthin and neoxanthin, were 
increased in yellow stems, and could be helpful in the 
protection of plants from photo-oxidative damage (Jahns 
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and Holzwarth, 2012). CCD and NCED are responsible 
for the oxidative cleavage of carotenoids and were up-
regulated in yellow stems. Increased CmCCD4a tran-
script levels lead to the degradation of yellow carotenoid 
pigments, resulting in the loss of greenness and white 
petals in chrysanthemum [32]. CCD7 and CCD8 act 
together for the biosynthesis of carlactone which is the 
ultimate biosynthetic precursor of all naturally occur-
ring strigolactones [33]. It is reported that NCED2, 3, 5, 
6, 9 are involved in ABA production [34]. NCEDs were 
most up-regulated in young yellow stems. In addition, 11 
ABA2 and four AAO3 genes involved in the ABA biosyn-
thesis were mostly up-regulated in mature yellow stems. 
Plants could generate higher ABA under unfavorable 
conditions, which reduces photosynthetic capacity by 
inhibiting the thylakoid formation, rubisco activity, and 
chlorophyll biosynthesis [14, 15].

Compensate mechanisms were activated to respond to the 
chloroplast defects
Strikingly, comparative transcriptome analysis between 
yellow and green stems at the same developmental stages 
found that more genes were regulated in mature yellow 
stems. For instance, four regulated chloroplast plasto-
globule-localized Abc1 kinases were all increased in S2. 
Abc1 kinases are involved in plastoglobule prenyllipid 
metabolism [35]. They are important for photo-oxida-
tive stress tolerance and chloroplast morphology. Loss 
of ABC1K1 and ABC1K3 led to conditional chlorisis of 
Arabidopsis thaliana [36]. In addition, chloroplast devel-
opment associated genes PPRs, FtsH and mTERF were 
triggered and up-regulated in yellow stems.

Photosynthetic pigments are mostly associated with 
protein components of photosystems that reside in thy-
lakoids. The disrupted accumulation of photosynthetic 
pigments could be followed by decreased photosynthesis 
and abnormal plant development [7]. Unexpectedly, the 
up-regulated pigment metabolism and photosynthesis 
were concurrently found in yellow stems. Genes related 
to LHC, PSI, PSII, photosynthetic electron transport and 
ATPase were up-regulated, especially in S2, indicating 
enhanced photosynthetic reactions. The regulation could 
be the response of yellow stems to the impaired thylakoid 
system. It was reported that the chlorophyll reduction 
in rice ygl did not affect the expression of light capture 
antenna complex and light capture chlorophyll bind-
ing proteins [37]. The similar regulatory mechanism was 
found in mature leaves of Ziziphus jujuba Mill. that dis-
played albino phenotype [5].

Except for these mechanisms, robust up-regulation of 
peroxidase coding genes was identified in yellow stems, 
and the expression of all regulated peroxidase increased 
with the stem development, which may mediate the 
degradation of chlorophyll and its derivatives [38]. The 

up-regulated genes in these pathways, together with the 
ribosome pathway which is well-known for gene transla-
tion, could be activated to maintain the development of 
pumpkin yellow stems. The compensation mechanisms 
were also reported in albino leaves of the jujube and are-
canut [5, 7].

It is notable that genes involved in porphyrin metabo-
lism, carotenoid biosynthesis and metabolism, photo-
synthesis, carbon fixation and ribosome were mostly 
up-regulated in S2, indicating the diverse regulation 
on stem coloring. Higher expression of genes related to 
photosynthesis, and biosynthesis and metabolism of 
photosynthetic pigments were more evident in S2 when 
compared to its corresponding young stems YS1 (Supple-
mentary Tables 9, 10, 11). These results indicated there 
were more fluctuations induced with the development of 
yellow stems. Those mechanisms may cooperate mutu-
ally and play important roles in maintaining stem devel-
opment, which makes S2 an ideal material for the further 
study of chloroplast development, photosynthesis, and 
associated molecular breeding.

Multiple factors may result in chloroplast defects
Maintenance of photosynthetic apparatus requires the 
action of proteases [39]. Photosynthesis proteins are 
ubiquitinated and processed by 26  S proteasome via 
chloroplast-associated protein degradation (CHLORAD) 
[40–42]. The 26  S proteasome ubiquitin receptor DSS1 
coding gene CmoCh12G00614 was up-regulated more 
than two folds in mature yello stems. CmoCh20G008280, 
belonging to the papain family cysteine proteases, could 
be another candidate involved in the stem yellowing. The 
papain family cysteine protease could display tissue-spe-
cific expression patterns and have great importance in the 
plant protein degradation [39, 43, 44]. CmoCh20G008280 
displayed increased expression in both young and mature 
yellow stems. Interestingly, CmoCh20G008280 was highly 
expressed in mature stems. Its expression in mature 
stems S1, S2 and S3 were three to five folds of that in the 
corresponding young stems. Cysteine protease HvPAP14 
was reported to play a role in the chloroplast protein deg-
radation in the barley [45]. HvPAP14 was accumulated in 
the chloroplast with leaf senescence. It was tightly asso-
ciated with the thylakoid membrane. The overexpression 
of HvPAP14 could degrade bulk chloroplast proteins. 
Increased papain-like cysteine protease inhibitor (BoCPI-
1) of broccoli (Brassica oleracea var. italica) resulted in 
down-regulated cysteine protease, and delayed the chlo-
rophyll loss after harvest [46]. The integration of GWAS 
and transcriptome data identified another trait related 
candidate gene CmoCh14G009460 that is the homolog 
of Arabidopsis thaliana kinesin-14. Kinesins are micro-
tubule-based motors, and deliver organelles, vesicles and 
newly synthesized proteins to intracellular destinations 
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[47]. They could be essential for chloroplast to move and 
attach to the plasma membrane. It was reported that 
kinesin-like protein kac1 mutant of Arabidopsis thaliana 
displayed severely impaired chloroplast accumulation 
and slow avoidance movement [48]. The double mutant 
of kac1kac2 lost chloroplast photorelocation movement 
and presented detached chloroplasts from the plasma 
membrane [49]. YD1 is the rice kinesin-4 protein, and 
involved in chlorophyll synthesis and chloroplast devel-
opment in leaves. The yd1 mutant had severely reduced 
chlorophyll and disrupted thylakoid ultrastructure, 
resulting in leaves yellowing and dwarf phenotype [50]. 
Interestingly, phosphorylation might affect the affinity 
for different kinesin partners or their redistribution in 
chloroplast movement machinery [51]. Cyclin-dependent 
kinase, involved in cell cycle progression, was one of the 
major kinases that could phosphorylate kinesin proteins 
[52]. In addition, the phosphorylation sites of kinesin 
protein were more in the light compared to the darkness. 
The decreased kinesin and down-regulated phosphoryla-
tion biological process may play some role in the chlo-
roplast biology of the yellow pumpkin stems, and their 
function could be explored in the further.

Additionally, transcriptional regulation could be 
involved in the stem yellowing process. For instance, 
transcriptional regulation of cysteine proteases is deter-
mined by the cis-acting elements located in the promot-
ers. The expression of related transcription factors (TFs), 
and the interactions between different TFs could result 
in diverse spatial and temporal patterns expression of the 
target gene [53]. BdGAMYB and BdDOF24 were the acti-
vators of BdCathB (Cathepsin B-like protease) in Brachy-
podium distachyon [54]. Expression of Kinesin 1 was 
significantly increased in transgenic Arabidopsis plants 
of peanut AhMYB30 [55], ginseng PgMYB4 [56], and Zea 
mays MYC-type ICE-like ZmmICE1 transcription fac-
tor [57]. However, the function and promoter sequence 
analysis of the candidate gene, expression analysis of 
TFs, and the confirmation of interactions are required to 
understand the regulatory mechanisms in pumpkin yel-
low stems.

Conclusions
The physiological and cytological analysis were applied 
to characterise the pumpkin yellow stem phenotype. In 
addition, transcriptome and GWAS analysis were inte-
grated to discover the underlying molecular mechanisms 
related to stem coloring. Chloroplast defects and photo-
synthetic pigment loss led to the pumpkin stem yellow-
ing, which was similar to the previous findings in other 
plants. The abnormal catabolism could result in the dis-
rupted accumulation of chlorophylls and carotenoids in 
yellow stems. However, up-regulated genes involved in 
chloroplast development, photosynthesis, and ribosome 

indicated that compensatory mechanisms may be trig-
gered to respond to the disruption of thylakoid mem-
brane systems. Multiple factors, for instance, increased 
proteases and decreased kinesins may contribute to 
the de-greening process. Chloroplast proteins could be 
abnormally degraded, and the thylakoid membranes were 
disrupted. However, further analysis is required to better 
understand the regulatory mechanisms associated with 
stem coloring.
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