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Abstract

Sweet potato (lpomoea batatas (L.) Lam) is a globally important staple crop with high nutritional value,
yet most commercial cultivars exhibit a trade-off between yield and carotenoid content. To address this
limitation, we used a hybrid population of 27 elite varieties to undergo open pollination and identified two
novel lines, XZ 8 - 1 and LS 9 - 1 with improved agronomic traits. XZ 8 - 1 showed a 40-fold increase in
carotenoid content compared to its maternal line, while LS 9 - 1 maintained the high carotenoid levels of
the maternal line but showed significantly improved yield. Molecular analysis revealed that IbGGPPS2, a
geranylgeranyl diphosphate synthase gene, was highly expressed in the high-carotenoid line XZ 8 - 1.
Bacterial complementation assays confirmed that IbGGPPS2 encodes a protein with geranylgeranyl
diphosphate synthase activity. Functional validation via heterologous expression in Arabidopsis and
overexpression in sweet potato confirmed that IbDGGPPS2 enhances carotenoid biosynthesis and has a
strong positive effect on plant growth. Our findings provide a promising strategy for the simultaneous
improvement of nutritional quality and yield in sweet potato breeding programs.

Introduction

Sweet potato (lpomoea batatas (L.) Lam.), a member of the Convolvulaceae family, ranks as the seventh
most important food crop globally [1, 2]. In China, sweet potato is the fourth largest staple crop by
production, significantly contributing to food security and agricultural sustainability [3, 4]. The tuberous
roots are not only rich in starch and dietary fiber but also serve as a valuable source of health-promoting
compounds such as B-carotene and anthocyanins [5, 6]. Genetic research into sweet potato is
challenging due to its hexaploid genome (2n = 6x = 90), low seed set, and complex polyploid interactions
[7-10]. Available cultivars exhibit a range of flesh colors—white, yellow, orange, and purple—and even
though all varieties contain B-carotene and other carotenoids; orange-fleshed types are particularly rich
in B-carotene [11].

Carotenoids are essential terpenoid pigments with critical roles in a broad spectrum of organisms,
including plants, animals, and microorganisms [12]. In plants, they function as accessory pigments in
photosynthesis, protect against photo-oxidative damage, and enhance stress tolerance [13-16]. They
also contribute to flower and fruit color, aiding in pollination and seed dispersal [17]. In humans,
carotenoids provide antioxidant benefits, help prevent chronic diseases, and support immune function
[18-20]. B-Carotene, in particular, serves as a vitamin A precursor, making B-carotene-rich crops like
orange-fleshed sweet potato a dietary solution to combat vitamin A deficiency [21-23]. Additionally, B-
carotene is a metabolic precursor for other nutritionally important carotenoids [24, 25].

The biosynthesis of carotenoids begins with the condensation of isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), derived from the mevalonate (MVA) and methylerythritol phosphate
(MEP) pathways [26, 27]. Geranylgeranyl diphosphate synthase (GGPPS) catalyzes the formation of
geranylgeranyl diphosphate (GGPP), a key isoprenoid precursor [28, 29]. Phytoene synthase then
converts GGPP to phytoene, which is subsequently desaturated and isomerized to lycopene [30, 31].
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Lycopene represents a key metabolic branch point, being cyclized by lycopene e-cyclase (LCYE) and B-
cyclase (LCYB) to form a-carotene, or by LCYB alone to produce B-carotene. These primary carotenes are
further modified into xanthophylls such as lutein, zeaxanthin, and violaxanthin [32, 33].

Although sweet potato carotenoids hold substantial nutritional and economic value, most commercial
cultivars face a trade-off between high yield and high carotenoid content. To address this limitation, we
developed a hybrid population of 27 elite varieties under short-day conditions in Sanya, China. Our
analysis revealed a clear gradient in carotenoid content: orange-fleshed > yellow-fleshed > white-fleshed
> purple-fleshed. Through open pollination, we obtained two new varieties with significantly improved
carotenoid content, storage root size, and yield compared to their maternal parents. Subsequent
molecular analysis and functional characterization identified a carotenoid biosynthesis gene, IbGGPPS2
with a key role in enhancing plant growth and carotenoid accumulation. Our integrated breeding
approach demonstrates the potential to simultaneously improve nutritional quality and agronomic
performance in sweet potato.

Materials and methods

Plant materials

All sweetpotato cultivars mentioned in this study are widely planted commercial varieties, cited under
their common names (Shangshu 23, Fucaishu 18, Jishu 33, Longshu 9, Yanshu 25, Sushu 33, Pushu 32,
Yusi 1, Zhenghong 35, Hongyao, Qixu 37, Xiangshu 628, Chuanshu 294, Zheshu 13, Luoshu 17, Qining
427, Longzi 221, Xuzishu 8, Sushu 28, Sushu 45, Hami, Luoshu 16, Shangshu 19, Xushu 37, Aozhouzibai,
Xuzishu 13, Zijingxiang), as specified in the text.

Arabidopsis thaliana plants were grown in a walk-in growth chamber at a temperature of 22 + 1°C, with a
16/8 h light/dark photoperiod and a light intensity of 120 ymol m-2s-".

The sweet potato hybridization was conducted at the South Breeding Base of Henan University (Sanya,
Hainan Province, China). Prior to cultivation, ridges were formed and covered with plastic film with a
spacing of 40 cm between them. A complex amino acid compound fertilizer was applied as a base
fertilizer in a single dose. The plants were arranged in fixed rows with a spacing of 25 cm between
plants.

Seeds from open pollination were sown in seedling trays containing a sterilized 1:1 mixture of potting
soil and vermiculite at a density of 2 x 3 cm. Plants were maintained under 28-30/22-25°C day/night
temperatures with 70% - 75% humidity. When seedlings reached 12 + 2 cm height with 4-5 true leaves,
they were transplanted to the field with soil at a 50x30 cm spacing and shaded for 3 d. Agronomic traits
were recorded during critical growth stages, and superior individuals were selected based on carotenoid
content. Finally, selected genotypes were clonally propagated through cuttings to stabilize the desired
characteristics.
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The Sweet potato IbGGPPS2-overexpressed transgenic plants were cultivated outdoors (Sanya, Hainan
Province, China) with natural light and a temperature of 25-31°C. Each transgenic plant was cultivated in
a 5-gallon pot and each transgenic line contained at least ten plants.

HPLC-PDA analysis of carotenoids

Sample Preparation: Fresh sweet potato slices were frozen in liquid nitrogen and lyophilized. Powdered
sample (100 mg) was saponified with 2 mL of 95% ethanol, 1 mL of 300 mM NaCl, 4 mL of 500 mM
pyrogallol, T mL of 1 M ascorbic acid, and 2 mL of 10.7 M KOH under nitrogen at 70°C for 45 min. After
cooling on ice, the reaction was quenched with 0.75 mL of 3 M NaCl. The mixture was extracted thrice
with 15 mL of hexane/ethyl acetate (9:1, v/v). The combined organic layers were washed, dried over
Na,S0,, concentrated under N,, and reconstituted in 2 mL hexane. The solution was filtered through a
0.22 pm organic membrane into an amber vial.

HPLC Analysis: Analysis was performed on a C30 column (YMC, 4.6 x 150 mm) at 25°C. Mobile phase A
was methanol-water (97:3) with 0.05 M ammonium acetate and 0.1% BHT, and phase B was MTBE with
0.1% BHT. The gradient was: 0 min (90% A); 0—18 min (80% A); 18—20 min (50% A); 20-25 min (10% A);
25-29 min (10% A); 29-29.5 min (90% A); 29.5-40 min (100% A). Flow rate was 1.0 mL/min. Detection
used a PDA detector at 450 nm, with all steps protected from light.

Analysis of nutritional quality parameters in sweet potato tubers

Determination of Total Carotenoid Content in Sweet Potato Tubers. Fresh tuber homogenate (1.0 g) was
extracted repeatedly with ice-cold acetone-petroleum ether (1:1, v/v) under dark conditions until the
residue became colorless. The combined extracts were diluted to 50 mL, and absorbance was measured
at 450 nm. Carotenoid content was calculated as (A x V) / (E x W), where A is the absorbance, V is the
total volume (mL), E is 2592, and W is the sample fresh weight (g).

Determination of Dry Matter Content. Uniformly sliced fresh samples were dried at 55°C to constant
weight. Dry matter content was calculated as the ratio of dry weight to fresh weight multiplied by 100.

Analysis of Reducing and Total Sugars. For reducing sugars, 1 g fresh sample was homogenized, boiled
to inactivate enzymes, and centrifuged. For total sugars, 0.5 g sample was acid-hydrolyzed with 6 M HCI
and neutralized. Both extracts were reacted with DNS reagent, and absorbance at 540 nm was
measured. Sugar content was calculated as (C x V x D x 100) / (W x 10¢), where C is glucose
concentration (ug/mL), V is volume (mL), D is dilution factor, and W is sample weight (g).

Determination of Starch Content. After removing soluble sugars with 80% ethanol, samples were
gelatinized and acid-hydrolyzed. The hydrolysate was reacted with anthrone-sulfuric acid reagent, and
absorbance at 620 nm was measured. Starch content was calculated as (C x V x 0.9 x 100) / (m x 109),
where C is glucose concentration (ug/mL), V is volume (mL), and m is sample mass (g).
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Analysis of Soluble Protein Content. Samples were homogenized in PBS buffer and centrifuged. The
supernatant was reacted with Coomassie Brilliant Blue G-250, and absorbance at 595 nm was
measured. Protein content was determined as (C x V x D) / (m x 1000), where C is protein concentration
(ug/mL), V is volume (mL), D is dilution factor, and m is sample mass (g).

Phylogenetic analysis

The amino acid sequences of 6 IbGGPPS-LSU and 2 IbGGPPS-SSU isoforms were retrieved from the
Taizhong 6 genome database (http://sweetpotao.com). Additionally, full-length GGPPS amino acid
sequences previously reported in Arabidopsis thaliana, Nicotiana tabacum, Oryza sativa, Gossypium spp.,
Solanum lycopersicum, and Capsicum annuum were obtained from their respective genome databases.
Multiple sequence alignment was performed using MEGA 11, and a phylogenetic tree was constructed
by the Neighbor-Joining method. The resulting evolutionary tree was visualized and annotated using the
Interactive Tree of Life (iTOL) platform.

RT-gPCR analysis

RNA isolation was performed using the RNAprep Pure Plant kit (Tiangen) on 90-d storage roots of XZ 8
-1 and YS 25 for gene discovery, on PS 32 storage roots at 60, 75, 90, 105, and 120 d for IbGGPPS2
expression profiling, on 90 d storage roots, young stems, leaves, and flowers of PS 32 for IbGGPPSs
expression comparison, and on 60 d storage roots of overexpressing plants for transgene validation.
Total RNA (1 pg) was reverse-transcribed into cDNA using the HiScript Il Q Select RT SuperMix (Vazyme).
Quantitative real-time PCR (qPCR) was then performed with the ChamQ SYBR Color gPCR Master Mix
(Vazyme) on a Roche LightCycler 480 instrument. The thermal cycling protocol consisted of an initial
denaturation at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 15 sec and
annealing/extension at 60°C for 30 sec.

Bacterial color complementation assay

The recombinant pET32b-IbGGPPS vector was co-transformed with the pAC-94N vector into Escherichia
coli BL21 competent cells to enable B-carotene biosynthesis. When functionally active GGPPS is co-
expressed with pAC-94N, the carotenoid biosynthesis pathway is reconstituted, leading to B-carotene
accumulation and conferring a characteristic yellow phenotype to the colonies. The experimental
procedure was as follows: Positive clones were selected and cultured in LB medium supplemented with
ampicillin (50 pg/mL) and chloramphenicol (50 pg/mL). When the culture reached an OD600 of 0.6,
recombinant protein expression was induced with 1 mM isopropyl-B-D-thiogalactoside (IPTG) at 16—
20°C for 20 h. After centrifugation, color differences in the pellet were observed. Subsequently, 720 pL of
acetone was added to extract the pigments. Once the pellet turned white, 180 pL of ultrapure water was
added, followed by centrifugation to collect the supernatant. The absorbance of the supernatant was
measured at 440 nm using a microplate reader.
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Heterologous overexpression of Arabidopsis thaliana

The IbGGPPS2 gene was cloned into the hygromycin-resistant pPCAMBIA1300-GFP vector to generate the
35S::IbGGPPS2:GFP recombinant overexpression construct. This construct was subsequently introduced
into Agrobacterium tumefaciens GV3101. Bacterial cells from antibiotic-selected cultures were collected
and resuspended in a 1/2 MS solution containing 5% sucrose and 0.03% Silwet-77, adjusted to an OD600
of 1.0, which served as the inoculation medium. Floral buds of 4-6-week-old Arabidopsis plants were
immersed in this bacterial suspension for 45 seconds, followed by 16 h of dark incubation and
subsequent recovery under normal growth conditions. T1 seeds were harvested and screened on
hygromycin-supplemented MS medium. Positive transformants were confirmed by PCR with gene-
specific and GFP-tag primers and further validated by sequencing. Homozygous lines were then
generated and advanced for phenotypic characterization.

In planta transformation of sweet potato stem segments

The in planta transformation of sweet potato stem segments was conducted using Agrobacterium
tumefaciens strains EHA105/AGL1 and K599. Bacterial cultures were grown in LB medium
supplemented with kanamycin and either rifampicin or streptomycin at 28°C with shaking until 0D600
reached 0.8-1.0. Fresh apical stem segments (25-30 cm) were selected, with basal leaves and
adventitious roots removed, and nodes were punctured to facilitate infection. The prepared stems were
immersed in bacterial suspension for 8—12 h under gentle agitation. After infection, stems were co-
cultivated in distilled water in the dark for 24 h. Subsequently, a 200 mg/L carbenicillin solution was
applied for 1 h with gentle shaking to eliminate residual bacteria, followed by two distilled water rinses.
Finally, the treated stems were transplanted into well-watered field soil with transplantation dates
recorded [34].

Chlorophyll extraction and quantification

Fresh tissue (0.1 g) was homogenized in an ice bath, then centrifuged at 4,000 rpm for 10 min at 4°C.
The supernatant was collected and filtered through a 0.45 pm membrane. Absorbance was measured at
663 nm and 645 nm using 80% acetone as blank. All measurements were performed in triplicate.
Chlorophyll concentrations were calculated as follows: Total chlorophyll = 7.15xA¢e; + 18.71xA4,s.

Photosynthesis Measurements

Under high light (1250 pymol photons m-2 s-) for 2 h, IbGGPPS2 overexpressing sweet potato plants were
analyzed alongside controls under normal light (350 pmol photons m-2 s-7). Using an IMAGING-PAM-
MAXI system at 25°C, the maximum quantum yield of PSII (F,/Fl) and non-photochemical quenching
were measured following established protocols [35]. The electron transfer rate (ETR) was determined
after 2 min of actinic light exposure at increasing intensities (20 to 1100 pmol photons m-2 s-") by
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recording steady-state fluorescence (Fi) and light-adapted maximum fluorescence (FI'). ETR was
calculated as Y(Il) x PAR x 0.5 x 0.84, where Y(lI) = (Fi' — Fi)/FK' [36].

Results

Characterization of a natural hybrid sweet potato
population

To facilitate the breeding of high-carotenoid sweet potato varieties, we established a genetically diverse
hybrid population comprising 27 accessions with 4 distinct flesh-color groups: orange-red (9), yellow (7),
white (7), and purple (4) (Supplemental Fig. S1). All accessions exhibited pollen viability ranging from
10% to 44%, confirming their potential as effective parents in hybridization schemes (Supplemental Fig.
S2). To assess carotenoid profiles across color groups, we quantified B-carotene, xanthophyll, and
zeaxanthin in representative accessions from each group (Fig. 1). As expected, orange-red fleshed
tubers contained the highest B-carotene levels (Fig. 1A), followed by yellow-fleshed types (Fig. 1C),
whereas white and purple fleshed materials showed markedly lower B-carotene content (Fig. 1E, G),
thereby establishing a positive correlation between B-carotene content and the deepening of flesh color
across the spectrum from white to yellow to orange. Moreover, only orange-red fleshed accessions
contained both xanthophyll and zeaxanthin (Fig. 1B). Among yellow fleshed materials, by contrast, only a
subset accumulated either xanthophyll or zeaxanthin (Fig. 1D), while white-fleshed genotypes completely
lacked both (Fig. TF). Intriguingly, purple-fleshed tubers did not accumulate xanthophyll but contained
zeaxanthin at levels comparable to those observed in orange-red accessions (Fig. TH). Phenotypic
observations of leaf morphology revealed additional diversity, with accessions exhibiting either heart-
shaped or pinnate leaves with varying green pigmentation intensity (Supplemental Fig. S3), suggesting
possible differences in photosynthetic performance.

In summary, the assembled hybrid population shows marked genetic diversity across multiple traits,
including tuber pigmentation, pollen fertility, carotenoid composition and leaf morphology. Collectively,
these features qualify the population as a valuable resource for sweet potato breeding via open
pollination strategies.

Development of the high-carotenoid, high-yield sweet
potato varieties XZ8-1andLS 9 -1

Two novel sweet potato varieties, XZ 8 - 1 (derived from maternal parent Xuzishu 8; XZ 8) and LS9 - 1
(derived from maternal parent Longshu 9; LS 9), were produced via open-natural hybridization, with each
exhibiting distinct and complementary agronomic improvements over the high-carotenoid, high-yielding
control cultivar YS 25. Visually, XZ 8 - 1 displayed a striking shift in tuber flesh coloration, transitioning
from the purple of the maternal parent XZ 8 to a deep orange-red hue that surpassed even the intense
coloration of YS 25 (Fig. 2A-C). In contrast, LS 9 - 1 maintained an orange flesh color similar to both its
parent and YS 25.
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Quantitative phytochemical profiling showed that total carotenoid content in XZ 8 - 1 was dramatically
higher than its parent (40-fold) and 50% higher than YS 25 levels (Fig. 2D). Although LS 9 - 1 showed a
slight reduction in carotenoids relative to its parent, LS 9 - 1 levels were indistinguishable from the high
benchmark set by YS 25 (Fig. 2D). Further compositional analysis revealed different sugar profiles: XZ 8
- 1 showed no significant differences in reducing sugar content compared to its parent but had a
significant increase in total sugar (Fig. 2E-F). LS 9 - 1, however, exhibited a marked rise in reducing
sugars compared with its LS 9 parent, matching the levels in YS 25, while total sugar content did not
differ significantly among LS 9 - 1, its parent, and the control (Fig. 2E-F). Regarding other key quality
traits, XZ 8 - 1 proved stable, showing no significant differences from its parent in dry matter, starch, or
protein content (Fig. 2G-1). LS 9 - 1, meanwhile, displayed a more complex profile, with dry matter
content similar to its parent, decreased starch content and increased protein content (Fig. 2G-I).

Critically, both varieties demonstrated enhanced yield attributes, albeit through different means. For XZ
8 - 1, although tuber number per plant was reduced relative to its parent and similar to YS 25, the total
tuber fresh weight per plant remained unchanged, suggesting a compensatory increase in individual
tuber size (Fig. 2J-K). LS 9 - 1, by contrast, achieved a clear quantitative yield leap, with significant
increases in tuber number (~ 24%) and fresh weight (~ 20%) per plant compared to its parent (Fig. 2J-Q).
The yield improvements were underpinned by favorable morphological changes: XZ 8 - 1 showed
increased vine length, stem diameter, and leaf area, whereas LS 9 - 1 exhibited enhanced leaf area and
branch number (Supplemental Fig. S4).

In summary, the two new varieties provide distinct breeding achievements. XZ 8 - 1 constitutes a
qualitative breakthrough, characterized by its dramatically enhanced carotenoid content and deep
pigmentation, making it an elite cultivar suited for premium nutraceutical markets. LS 9 - 1, on the other
hand, provides a quantitative leap, combining high carotenoid levels with significantly improved yield,
thus offering strong potential for large-scale, high-efficiency cultivation.

Identification of IbGGPPS2 as a putative key regulator of carotenoid accumulation in sweet potato
tubers

To elucidate the molecular determinants of carotenoid accumulation in sweet potato storage roots, we
performed transcriptional profiling of key carotenoid metabolic genes across multiple cultivars and their
derivatives: XZ 8 (purple-red tubers), its derived line XZ 8 - 1 (orange-red tubers, extremely high
carotenoid content), LS 9 (orange tubers), its derived line LS 9 - 1 (orange tubers), and YS 25 (orange
tubers) (Fig. 2). The gRT-PCR results indicated that IbGGPPS2 exhibited the most dramatic expression
differences among all examined genotypes and genes, including other IbGGPPSs and key node genes in
the carotenoid metabolic pathway. Notably, IbGGPPS2 expression in XZ 8 - 1 was not only 15-fold higher
than in YS 25, but also showed a striking 195-fold increase compared to its parent XZ 8. Furthermore,
IbGGPPS2 expression in LS 9 - 1 was elevated 7.5-fold relative to its parent LS 9, reaching a level
comparable to that in YS 25, and again exhibited the greatest increase among all genes analyzed. The
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expression analysis suggest that IbGGPPS2 is a critical contributor to the enhanced carotenoid
biosynthesis observed in XZ 8 - 1 tubers.

To gain evolutionary and functional context, we performed a phylogenetic analysis of GGPPS proteins
across diverse plant species. The 6 identified IbGGPPS members segregated into two distinct
subfamilies (Fig. 3B). Significantly, IbGGPPS1, IbGGPPS2, IbGGPPS3, and IbGGPPS6 clustered within
subfamily Ill, a group that includes well-characterized, fruit-specific carotenoid biosynthetic genes such
as tomato SIGGPPS2 (responsible for lycopene and B-carotene accumulation) and pepper CaGGPPS1
(involved in capsanthin biosynthesis) [29, 30]. This phylogenetic association suggests a shared and
specialized role for these IbGGPPS members in facilitating carotenoid production in storage organs. In
contrast, IbGGPPS4 and IbGGPPS5 formed a separate clade, subfamily 1V, grouping with tomato
SIGGPPS1 (Fig. 3B), a gene known for its primary role in chlorophyll metabolism and maintaining
photosynthetic efficiency [37], thereby implying a divergent, photosynthesis-related function for these
paralogs.

We next sought to experimentally validate the enzymatic activity of the candidate genes. Using a
bacterial pigment complementation assay, where functional GGPPS catalysis leads to B-carotene
production and yellow pigmentation [29, 38], we assessed the capacity of several IbGGPPS enzymes to
catalyze the production of B-carotene. Consistent with its being the most highly expressed member
among the examined IbGGPPS genes, IbGGPPS2 conferred the most intense yellow coloration to the
bacterial colonies, with IbGGPPS4 and IbGGPPS6 also producing yellow color although at lower intensity;
while IbGGPPS1 and IbGGPPS5 failed to produce yellow colonies (Fig. 3C). The visual assessment was
quantitatively confirmed by spectrophotometry, suggesting that IbGGPPS2 has GGPPS enzymatic
activity (Fig. 3D).

To further explore the role of IbGGPPS2 in carotenoid accumulation in planta, we studied its expression
profile. Tissue-specific analysis revealed that IbGGPPS2 transcripts were considerably more abundant
than those of IbGGPPS4 and IbGGPPS6 across all major tissues, including tubers, stems, leaves, and
flowers (Fig. 3E). Most notably, a developmental time-course in tubers Most notably, a developmental
time-course in tubers showed that IbGGPPS2 expression reaches its highest level at 60 days after
planting (DAP), coinciding with the key developmental stage of tuber initiation and early expansion.
Subsequently, expression declines up until 120 DAP. (Fig. 3F). This temporal expression pattern closely
mirrors the kinetics of carotenoid accumulation during tuber development in orange-red fleshed
varieties, in which the highest carotenoid content was detected at 60 DAP [39].

In summary, our combined evidence indicates that IbGGPPS2 is a key regulator of carotenoid
biosynthesis in sweet potato, a hypothesis that awaits future in vivo validation.

IbGGPPS2 regulates coordinated enhancement of plant growth and carotenoid biosynthesis

To elucidate the functional role of IbGGPPS2 in carotenoid metabolism and plant development, we
initially produced transgenic Arabidopsis lines expressing IbGGPPS2 under the control of the strong
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constitutive 35S promoter (Supplemental Fig. S5A; Fig. 4B). Analysis of three independent
overexpression lines revealed a significantly accelerated flowering time, with bolting occurring
approximately 5 days earlier than in WT (Fig. 4A, C). These lines also exhibited a marked reduction in
rosette leaf number (Fig. 4D), a phenotypic hallmark typically associated with early flowering [40]. These
observations collectively indicate that IbGGPPS2 plays a role in promoting the transition from vegetative
to reproductive growth. In parallel, carotenoid profiling revealed a marked increase in leaf carotenoid
content in the overexpressing lines, ranging from 29.49% to 38.09% relative to controls (Fig. 4E),
establishing a clear link between IbGGPPS2 expression and enhanced carotenoid accumulation in a
heterologous system.

To further assess the biological functions of IbGGPPS2 in its native context, we generated transgenic
overexpression lines in the high-carotenoid cultivar LS 9 (Supplemental Fig. S5B-C; Fig. 4F). Analysis of
three independent transgenic events showed approximately 10-fold increase in IbGGPPS2 transcript
levels in storage roots compared to WT (Fig. 4H). Phenotypic characterization at the seedling stage
revealed that IbGGPPS2-overexpressing plants exhibited enhanced vigor, with significant increases in
plant height, stem diameter, and leaf area (Supplemental Fig. S6). At maturity, the storage roots of
transgenic lines developed a more intense orange pigmentation than WT tubers (Fig. 4G), a visual
indicator of altered carotenoid composition. Consistent with this observation, metabolic analyses
confirmed a substantial elevation in carotenoid content in roots of overexpressing plants, with a 15.41%
- 23.51% increase over control (Fig. 41). Additionally, leaves of IbGGPPS2 overexpressing plants exhibited
a significant increase in chlorophyll content (Fig. 4J), accompanied by an elevated maximum
photochemical efficiency of Photosystem Il (F,/F,,) (Fig. 4K). Further evaluation of yield-related traits
revealed that the weight per plant was significantly increased in IbGGPPS2-overexpressing lines
compared to WT (Fig. 4M), despite no significant difference in the number of storage roots per plant
(Fig. 4L). These concurrent enhancements suggest IbGGPPS2 is associated with increased storage root
weight.

Collectively, these results establish IbGGPPS2 as a key integrator of metabolism and development,
coordinating enhanced carotenoid accumulation, photosynthetic efficiency, and vegetative growth to
simultaneously improve both quality and yield in sweet potato.

Discussion

In this study, we produced two new sweet potato varieties, XZ 8 - 1 and LS 9 - 1, with enhanced
carotenoid content and improved agronomic traits. Given the hexaploid nature of sweet potato (2n = 6x
=90) and the well-documented complexity of its genome, fully resolving the genetic architecture
underlying trait variation in open-pollinated populations remains a substantial challenge [9, 10].
Nevertheless, the 40-fold carotenoid increase in XZ 8 - 1, coupled with its flesh color shift from purple to
deep orange-red, suggests successful recombination or upregulation of key biosynthetic genes such as
GGPPS and LCYB. The absence of xanthophylls but presence of zeaxanthin in the purple-fleshed parent—
a pattern also observed among the purple-fleshed accessions within our hybrid population—implies that

Page 11/23



XZ 8 - 1 overcame a metabolic bottleneck in the xanthophyll cycle. This extends understanding of the
genetic basis of flesh color and demonstrates how open pollination can assemble favorable alleles to
boost nutritional quality, relevant for addressing vitamin A deficiency [41, 42]. Meanwhile, LS 9 - 1
maintained high carotenoid levels while significantly improving yield components, breaking the typical
yield-quality trade-off. Increased leaf area and branch number suggest enhanced source capacity and
canopy architecture drove its productivity gains. This supports the hypothesis that yield and quality traits
can be independently combined, challenging the notion of a rigid trade-off in root crops [43, 44].

The superior agronomic traits exhibited by these lines prompted a molecular investigation into the
underlying mechanisms. We identified IbGGPPS2, a gene encoding geranylgeranyl diphosphate synthase,
as a candidate contributor to the enhanced carotenoid phenotype of XZ 8 - 1. The transcript level of
IbGGPPS2 in XZ 8 - 1 was 15-fold higher than in YS 25, and strikingly, 195-fold higher than in its direct
maternal parent XZ 8 (Fig. 3A), correlating with the significant increase in carotenoid content observed in
XZ 8 - 1. Similarly, LS 9 - 1 exhibited a 7.5-fold increase in IbGGPPS2 expression compared to its
maternal parent LS 9 (Fig. 3A), implying that IbGGPPS2 may play a positive role in the yield formation of
LS 9 - 1. Furthermore, bacterial color complementation assays demonstrated that IbGGPPS2 possesses
robust enzymatic activity catalyzing the synthesis of GGPP, an essential C20 precursor for carotenoid
biosynthesis; heterologous expression of IbGGPPS2 in Arabidopsis not only increased leaf carotenoid
content by 29-38% but also consistently accelerated flowering time, indicating its influence on broader
isoprenoid metabolism or resource allocation that impacts developmental transitions [45, 46]. Taken
together, given the hexaploid nature of sweet potato, although we cannot genetically determine that
IbGGPPS2 is the direct causal factor for the improved traits in the two new varieties, it can be inferred
that IbGGPPS2 is one of the major contributors.

Most notably, overexpression of IbGGPPS2 in sweet potato enhanced both storage root carotenoid
content (15-24%) and vegetative growth (plant height, stem diameter, leaf area, and chlorophyll content),
positioning IbGGPPS2 at a critical metabolic nexus that supplies GGPP for carotenoid and
photosynthesis-related pathways [47, 48]. The distinct outcomes between XZ 8 - 1 and IbGGPPS2-
overexpressing lines reflect their different genetic backgrounds: XZ 8 - 1, derived from low-carotenoid
purple-fleshed XZ 8, achieved a 40-fold increase likely through synergistic allele recombination during
open pollination; while the 15-24% increase in high-carotenoid LS 9 directly confirms IbGGPPS2's
positive regulatory role even in a challenging high-background context. The concurrent vegetative growth
enhancement suggests that increased GGPP flux extends to broader isoprenoid networks. As GGPP is a
shared precursor for gibberellins and strigolactones—key regulators of stem elongation, leaf expansion,
and branching—growth promotion may involve GGPP rerouting toward these hormone pathways [28],
with elevated chlorophyll content and photosynthetic efficiency (Fig. 4J-K) providing additional energy
and carbon skeletons. Thus, IbGGPPS2 coordinates systemic growth enhancement through dual effects:
hormone precursor supply and improved photosynthetic capacity, demonstrating that fortifying this
upstream isoprenoid node can break the typical yield-quality trade-off.
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In conclusion, this study provides an integrated breeding and molecular framework to develop high-
carotenoid, high-yielding sweet potato varieties by combining conventional hybridization with functional
gene analysis. It identified valuable germplasm and a key regulatory gene while providing insights into
the coordinated regulation of carotenoid metabolism and plant growth in sweet potato. These findings
pave the way for the rational design of crop varieties with optimized nutritional and agronomic traits.
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Figure 1

Carotenoid composition and relative content in sweet potato tubers with different flesh colors
determined by liquid chromatography. A-B Relative content of B-carotene, xanthophyll and zeaxanthin in
orange-red fleshed tubers. C-DRelative content of B-carotene, xanthophyll and zeaxanthin in yellow
fleshed tubers. E-F Relative content of B-carotene, xanthophyll and zeaxanthin in white fleshed tubers. G-
H Relative content of B-carotene, xanthophyll and zeaxanthin in purple fleshed tubers.
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Figure 2

Agronomic and phytochemical traits of tubers in the novel sweet potato varieties XZ 8-1 and LS 9-1
versus their maternal parents and the control YS 25. A-C Representative images of tubers: overall
morphology, longitudinal section morphology, cross section morphology. D Total carotenoid content of
the different genotypes. n = 3. E Dry matter content. n = 3. F Starch content. n = 3. GProtein content. n =
3. H Reducing sugar content. n = 3. | Total sugar content. n = 3. J Tuber number per plant. n = 10. K Fresh
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total tuber weight per plant. n = 10. Data is presented as mean * SD. Different lowercase letters indicate
statistically significant differences among genotypes (p < 0.05) as determined by one-way ANOVA with
Tukey's post-hoc test. Scale bar, 2 cm.
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Identification of IbGGPPS2 as a candidate gene involved in carotenoid biosynthesis in sweet potato
storage roots. A Relative expression levels of carotenoid metabolic genes in the storage roots of the
high-carotenoid cultivar XZ 8, XZ 8-1, LS 9, LS 9-1 and YS 25 determined by gRT-PCR. B Phylogenetic
analysis of GGPPS proteins from sweet potato and other plant species. The six identified IbGGPPS
proteins cluster into two subfamilies (lll and IV). C Characterization of IbGGPPS enzyme activity using a
bacterial pigment complementation assay. Representative images of E. coli colonies expressing different
IbGGPPSgenes are shown. D Spectrophotometric quantification of yellow color in the E. coli strains
shown in C. E Tissue-specific expression patterns of IbGGPPS2, IbGGPPS4, and IbGGPPS6 in sweet
potato. Transcript levels were analyzed in tubers, stems, leaves, and flowers by gqRT-PCR. F Expression
profile of IbGGPPS2during tuber development at 60, 75, 90, 105, and 120 DAP. Data represent mean
absorbance values + SD, n = 3, ***p < 0.001.
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Figure 4

Overexpression of IbDGGPPS2 enhances plant growth and carotenoid biosynthesis in Arabidopsis and
sweet potato. A Phenotypes of WT and IbGGPPS2-overexpressing (35S::IbGGPPS2) Arabidopsis plants of
the same age. Scale bar, 10 cm. B Relative IbGGPPS2 gene expression levels measured by qRT-PCR in
transgenic Arabidopsis lines. C Bolting time in WT and 35S::IbGGPPS2 Arabidopsis plants.n=10.D
Number of rosette leaves in WT and 35S::IbGGPPS2 Arabidopsis plants. n = 10. (E) Total carotenoid
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content in leaves of WT and 35S::IbGGPPS2 Arabidopsis plants. n = 10. F Plant architecture of 20-day-old
WT sweet potato seedlings and three independent IbGGPPS2 overexpressing (IbGGPPS2-0E) lines. Scale
bar, 5 cm. G Storage root cross-sections of WT and three independent IbGGPPS2-OE sweet potato lines
at maturity. Scale bar, 2 cm. H Relative IbGGPPS2 expression levels in storage roots of WT and
transgenic sweet potato lines (n = 3). I-K Total carotenoid content in storage roots, chlorophyll content
and primary light energy conversion efficiency of PSII (F,/F,) in leaves of WT and IbGGPPS2-OE

transgenic sweet potato plants. | Total carotenoid content, J Chlorophyll content, K Primary light energy
conversion efficiency of PSII (F,/F,,). L Tuber number per plant. M Fresh total tuber weight per plant. n =

10. Data is presented as mean % SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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