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Abstract

Soluble sugars contribute to the taste and flavor of citrus fruit. Potassium (K), known as a quality element, plays key roles in
improving sugar accumulation and fruit quality, but the mechanism is largely unknown. This study aims to elucidate how K improves
sugar accumulation by regulating carbon flow from source leaves to fruit in Newhall navel orange. We found that optimal fruit K
concentrations around 1.5% improved sugar accumulation and fruit quality in citrus. K application increased the strength of both sink
and source, as indicated by the increased fruit growth rate, enzyme activities and expression levels of key genes involved in sucrose
(Suc) metabolism in fruit and leaf. K application also facilitated Suc transport from source leaves to fruit, as confirmed by the enhanced
13¢-Suc level in fruit. Furthermore, we found that navel orange used the symplastic pathway for transporting Suc from source leaves
to fruit, and K application enhanced symplastic loading, as demonstrated by the intensified carboxyfluorescein signal and increased
plasmodesmata density in leaves. The findings reveal that K stimulates fruit sugar accumulation by increasing carbon flow from source

leaves to fruit in Newhall navel orange.

Introduction

Potassium (K) is an essential mineral element for plants, playing
a crucial role in plant growth and development [1]. K predomi-
nantly exists in the form of K*, exhibiting multiple physiological
functions, including regulation of photosynthesis, improvement
of carbohydrate transport, increment of source carbohydrate syn-
thesis, and maintenance of cytoplasmic pH homeostasis [2-4]. K
influences cell swelling pressure, which is positively correlated
with fruit sugar content and hardness [5, 6]. K promoted photo-
synthesis in source leaves, thus enhancing sugar metabolism and
accumulation in sink organs [7], and the reduction in K supply can
decrease carbohydrate allocation to roots [8]. The sugar content
in fruit is primarily determined by the transport of carbohydrates
from source leaves to fruits and sucrose (Suc) metabolism within
the fruit itself [9, 10]. K increases sugar accumulation in fruit
through regulation of Suc metabolism, but there are still limited
reports on how K promotes carbohydrate transport in fruit tree
plants and enhances sugar content. The mechanisms underly-
ing K-promoted carbohydrate transport have been documented
in annual plants; K improves carbohydrate transport mainly by
increasing osmotic pressure [11-13] and ATP energy [14, 15]. How-
ever, there are few reports on the promotion of carbohydrate
transport by K in citrus, a perennial woody plant. Investigating
the mechanism by which K mediates carbohydrate transport is
crucial for enhancing citrus fruit quality.

Source strength refers to the capacity of a plant to synthesize
and allocate carbohydrate, which is directly determined by the
efficiency of photosynthesis [16, 17]. Sink strength refers to the
capacity of sink organs to compete for photosynthetic products,
and it is calculated as the product of sink size and sink activity.
Sink activity denotes the carbohydrate uptake rate, which is deter-
mined by Suc transport in phloem and its metabolic capacity in
sink organs [18, 19]. Photosynthetic leaves serve as the primary
source organs in plants, and their morphological characteris-
tics and photosynthetic intensity largely influence the source
strength [20]. Shading has been reported to lead to a significant
reduction in total soluble sugar content in the leaves of navel
oranges [21]. Sink strength determines the pressure gradient from
source leaves to sink, thereby regulating long-distance transport
of carbohydrates from source leaves to fruit [22, 23]. The transport
of photosynthetic products from source leaves to sink organs in
the form of Suc requires both symplastic loading and apoplastic
loading, and this transport is conducive to plant source-sink
balance maintenance [24]. Suc is primarily transported from mes-
ophyll cells of source leaves to parenchymal cells of phloem via
plasmodesmata, which is known as the symplastic pathway [25,
26]. However, some plants, such as melon [27], maize [28], and
potato [29], export Suc from parenchymal cells to the apoplastic
space through SWEET protein, and subsequently Suc is absorbed
into the sieve molecule-associated cell complex by Suc trans-
porters (SUTs) and transferred to sink organs, which is known as
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slight modification. Fruit samples of 1 g were homogenized in
8 mL precooled invertase extraction solution (200 mM K3POy4
buffer, 5 mM MgCly, 0.1% B-mercaptoethanol, 0.05% Triton-X100,
0.05% BSA, and 2% PVPP, pH=7.5) on an ice bath for 10 min,
followed by centrifugation at 10000 revolutions min~! for 30 min.
The activities of Al and NI were determined following the SS-C
assay, employing the 3,5-dinitrosalicylic acid reduction method;
however, the Al reaction solution (pH=5.5) contained 2 mM MgCl,,
1 mM EDTA, 100 mM sucrose, and 0.1 M CH;COOH-K3PO, buffer,
while the NI reaction solution (pH=7.5) contained 2 mM MgCl,,
1 mM EDTA, 100 mM sucrose, and 0.1 M HEPES-NaOH buffer.
The SS-C reaction solution (pH=5.5) contained 80 mM MES buffer,
5 mM NaF, 5 mM UDP, and 100 mM Suc.

RNA extraction and real-time PCR

Total RNA of leaf and fruit pulp were extracted using a Hipure
Plant Total RNA kit (Magen Biotech, China) as described in the
manufacturer’s protocol. After assessing RNA quality and quan-
tity, the 1.0 pg of high-purity RNA was used to synthesize cDNA
using a TRUEscript RT kit (Aidlab, China). Real-time PCR was
performed using an ABI 7500 (Bio-Rad, USA) according to the
instructions of MonAmp™ ChemoHS gPCR mix (Monad, China).
Real-time PCR conditions were as follows: 95°C for 10 min fol-
lowed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Actin and
GAPDH were used as reference genes, according to Zheng et al.
[42] and Romero et al. [74], and the template primers used in this
article are listed in Supplementary Data Table S1.

Statistical analysis

Statistical analyses of data were performed using SPSS 20.0 apply-
ing Duncan’s multiple comparison test. The figures were drawn
using Origin 2018 software.
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