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Abstract: Hydrangea macrophylla (H. macrophylla), a species in the genus Hydrangea in the family
Hydrangeaceae, is widely valued for its ornamental qualities in both domestic and international
markets. Notably, H. macrophylla is known for its ability to accumulate aluminum (Al). Moreover,
aluminum ions (Al3+) participate in sepal bluing. However, the underlying mechanisms of Al
accumulation in the sepals remain unclear. In this study, we utilized transcriptome data from two
cultivars to identify genes associated with Al accumulation. In total, 154 differentially expressed
isoforms between the CK and Tr groups in the sepals of both cultivars were screened. Through gene
enrichment analysis and similarity identification in the CDS (coding sequence) region, 43 differentially
expressed genes were identified, including 30 upregulated and 13 downregulated genes, in the sepals
of the Al treatment group. Further analysis revealed that seven of these upregulated genes are related
to Al accumulation in sepals. Among the seven, the gene HmALS3.1 was identified as a potential key
player in Al transport within the sepals of H. macrophylla. This study lays the groundwork for further
exploration into the mechanisms by which HmALS3.1 regulates Al accumulation in H. macrophylla.
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1. Introduction

Al is not an essential element for plant growth and development, and it is toxic to
most plants, causing stunted growth, weak stalks, leaf chlorosis, and in severe cases, leaf
desiccation and plant death [1]. However, moderate amounts of Al have been shown to be
beneficial to the growth and development of certain plants [2,3]. For instance, moderate Al
levels can promote root system development [4], enhance the absorption of trace elements,
and improve photosynthesis in plants [1,5–7]. Some plants can accumulate high levels
of Al3+ in their aboveground tissues without exhibiting toxic symptoms; these species
are commonly referred to as Al-accumulating plants. Al-accumulating plants are specifi-
cally defined as those containing more than 1000 mg/kg dry weight of Al in their stems
and leaves [8], including species like H. macrophylla, Fagopyrum esculentum, and Camellia
sinensis [9,10].

H. macrophylla accumulates significant levels of Al3+ in its aboveground tissues [11].
Leaves and sepals are the primary organs for Al accumulation in these tissues. Al content
in leaves can reach up to 5 mg per g of dry weight over several months [11]. Al content in
red sepals ranges from 0 to 10 µg/g fresh weight, while in blue sepals, it exceeds 40 µg/g
fresh weight [12,13]. In H. macrophylla, appropriate Al concentrations promote the growth
and development of roots, stems, and leaves, as well as the absorption of essential nutrients,
including nitrogen (N), potassium (K), phosphorus (P), calcium (Ca), and magnesium
(Mg) [14]. Moreover, Al alters flower color from pink to blue, thereby enhancing their
ornamental value [1,15]. Al3+ is critical for the blue pigmentation of sepals [13,16,17]. Given
that H. macrophylla is an Al-accumulating plant, it likely possesses a specialized mechanism
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for Al accumulation. As a result, the mechanisms of Al absorption and transport in H.
macrophylla have become prominent research topics.

Organic acids can form complexes with Al3+ to mitigate its toxicity in H. macrophylla. In
the rhizosphere, Al3+ forms complexes with oxalic acid secreted by the root system, which
partially prevents Al3+ from entering root cells. Conversely, in the xylem and leaves, Al3+

is absorbed and transported by forming complexes with citric acid [18–20]. Additionally,
several genes related to Al accumulation have been identified. Some ABC transporter genes,
including the multidrug and toxic compound extrusion (MATE) gene and the NRAMP
aluminum transporter, are highly expressed in the roots and leaves of H. macrophylla under
Al stress [21,22]. These transporters mediate the transport of organic acids, participate
in the absorption, transport, and storage of Al3+, and play a crucial role in signaling,
thereby enhancing plant resistance to Al stress [21,22]. Moreover, two aquaporin genes, H.
macrophylla vacuolar Al transporter (HmVALT) and H. macrophylla plasma membrane Al
transporter 1 (HmPALT1), have been associated with Al transport. HmPALT1 is responsible
for transporting Al3+ from outside the cell into the cytoplasm, while HmVALT transports
Al3+ to the vacuole [23]. However, the precise mechanisms of Al3+ absorption, transport,
and storage in H. macrophylla remain unclear.

In this study, transcriptome data from the sepals of the CK group (plants without Al
treatment) and the Tr group (plants with Al treatment) in two cultivars were analyzed. The
identification of key candidate genes involved in Al accumulation in sepals was examined.
These results lay the foundation for elucidating the Al accumulation mechanism in H.
macrophylla and provide a significant theoretical reference for studying the mechanism of
Al accumulation in Al-accumulating plants.

2. Materials and Methods
2.1. Plant Materials

Two cultivars of H. macrophylla, ‘Bailmer’ (Endless Summer™) and ‘Duro’, were used
in this study and were cultivated in a greenhouse at the Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences. Following flower bud formation, the plants
of both cultivars were subjected to a low temperature (2 ◦C~6 ◦C) for approximately six
weeks. Subsequently, the plants were returned to the greenhouse for flowering.

Half of the plants from each cultivar (Tr group) were grown in a mixed substrate (peat:
perlite = 7:3, v/v). A 400 mL solution of aluminum sulfate (Al2(SO4)3 · 18H2O dissolved
in water) was applied to the substrate at the concentration of 6 g/L every seven to ten
days, starting from the flower bud formation stage until flowering. While the remaining
half, without Al treatment, cultivated in the same mixed substrate served as the control
(CK group). Under Al sulfate treatment, the sepal color changed from pink to blue in
‘Bailmer’, while in ‘Duro’, it changed only slightly and did not turn blue [16]. Sepals at
three different developmental stages (S1, S2, S3) from the Tr and CK groups of ‘Bailmer’
and ‘Duro’ (Figure 1) [16] were sampled on April 28, 2020 and May 19, 2020, respectively,
and used in each experiment.
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2.2. Al Content Measurement

Initially, all samples were dried to a constant weight. Each 0.2–0.4 g sample was
digested and soaked in 5 mL of nitric acid (≥99.8%) overnight. The treated samples were
placed in a constant temperature drying oven for 2 h at 80 ◦C, 2 h at 120 ◦C, and 4 h at 160 ◦C,
followed by cooling to room temperature. The cooled solution was heated to evaporate
the acid, after which the digestive solution was transferred into a 25 mL volumetric flask.
The inner tank and cap were rinsed three times with a small amount of 1% nitric acid
solution. The rinsed solution was combined in the volumetric flask, diluted to the mark
with 1% nitric acid, and thoroughly mixed to determine the Al content. The Al content
was determined using inductively coupled plasma mass spectrometry (ICP-MS) following
the methods for the determination of multiple elements in food (National Food Safety
Standards, GB 5009.268-2016, China) [24]. The samples were characterized by element-
specific mass numbers (mass-to-charge ratio, m/z). The detection wavelength was set at
396.152 nm.

2.3. Transcriptome Sequencing, Annotation

In prior research, a full-length transcriptome database was constructed using the
PacBio Sequel II platform, incorporating the flowers, pedicels, buds, leaves, stems, and
roots of ‘Bailmer’ [25]. The database contained 72,848 high-quality isoforms, of which 67,941
were annotated using the NCBI Non-Redundant (Nr) database (http://www.ncbi.nlm.
nih.gov, accessed on 2 December 2020), Swiss-Prot protein database (http://www.expasy.
ch/sprot, accessed on 4 December 2020), Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg, accessed on 7 December 2020), and
COG/KOG database (http://www.ncbi.nlm.nih.gov/COG, accessed on 9 December 2020),
with an E-value threshold of 1e-5. These PacBio Iso-Seq data served as the reference
transcriptome for H. macrophylla. cDNA libraries from 36 samples, including three biological
replicates, were constructed from sepals at the S1, S2, and S3 stages of CK and Tr groups
in ‘Bailmer’ and ‘Duro’ (Figure 1). These 36 cDNA libraries were sequenced using the
Illumina HiSeq™ 4000 [16]. Between 89.45% and 92.36% of the high-quality clean reads
from ‘Bailmer’, and 83.06% to 85.97% from ‘Duro’, were mapped to the isoforms from the
reference transcriptome. Gene abundances were calculated and normalized to reads per
kilobase per million mapped reads (RPKM). The mapped isoforms were annotated using
the NR, Swiss-Prot, KEGG, and COG/KOG databases, as previously described.

2.4. Analysis of Differentially Expressed Genes (DEIs)

Differentially expressed genes (DEIs) between the CK and Tr groups were identified.
The threshold values for screening DEIs were a false discovery rate (FDR) ≤0.05 and |log2
(foldchange)| ≥ 1. DEIs were annotated using the NR, KEGG, COG, and GO databases, as
described for isoform annotation.

2.5. Quantitative Real-Time Fluorescent PCR (qRT-PCR) Analysis

The RNA isolation kit is a quick RNA isolation kit (Hua Yue Yang, Beijing, China).
First-strand cDNA was synthesized using HiScript III RT SuperMix for qPCR (+gDNA
wiper) according to the manufacturer’s instructions. Primer pairs for qRT-PCR were
designed using Primer Premier v5.0 software (Premier Biosoft Int., Palo Alto, CA, USA)
(Table S1). The specificity and efficiency of the primers were confirmed using 1.5% agarose
gel electrophoresis. All reactions were conducted in 96-well plates using the CFX96 Real-
Time System (Bio-Rad, Hercules, CA, USA). qRT-PCR analyses were conducted using Taq
Pro Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). Each PCR reaction (20
µL) contained 5 µL of cDNA (100–200 ng/µL), 0.4 µL of each forward and reverse primer
(10 pmol/µL), 10 µL of 2 × Taq Pro Universal SYBR qPCR Master Mix, and 4.2 µL of
ddH2O. Amplification reactions were performed under the following conditions: 95 ◦C
for 30 s, followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s. A melting curve was
generated for each PCR to examine the amplification specificity of primers and the presence
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of reaction contaminants. The melting curve was gained by heating the amplification
products under the following conditions: 65–95 ◦C with a temperature increment of 0.5 ◦C
every 5 s. The HmActin gene was used as the internal control for normalization. The primer
sequences were HmActin-F (5′-GCCTGCCATGTATGTTGCCATC-3′) and HmActin-R (5′-
CGGAATCCAGCACAATACCAGTTG-3′) [26]. The relative expression levels of the target
genes were calculated using the 2−∆∆CT method [27] relative to the internal control.

2.6. Protein Interaction Analysis

Protein interactions were predicted using the online software STRING (functional
protein association networks; https://string-db.org/, accessed on 24 March 2024).

2.7. Data Analysis

Data are expressed as means ± standard deviations (SDs) of three replicates. Data
analysis was conducted using Microsoft Office Excel 2010 and IBM SPSS Statistics 24.0. Bar
graphs were generated using Origin 9.0.

3. Results
3.1. Al Contents in the Sepals

The Al content in sepals from the Tr groups was higher than that in sepals from the CK
groups at all three stages (S1, S2, and S3) in both ‘Bailmer’ and ‘Duro’. Under Al treatment,
sepals accumulated a substantial amount of Al, particularly at S1. The Al content in sepals
was 2260.67 µg/g dry weight (DW) for ‘Bailmer’ and 1204.67 µg/g DW for ‘Duro’, which
were approximately 2.90 and 5.47 times higher than that of the CK group (779.67 and
220.33 µg/g DW), respectively (Figure 2).
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Figure 2. Al content in sepals at three different developmental stages (S1, S2, S3) in ‘Bailmer’ and
‘Duro’. B and D represent ‘Bailmer’ and ‘Duro’, respectively. Different lowercase letters indicate
significant differences between two treatments at p < 0.05 according to Duncan’s multiple range test.

3.2. Analysis of Illumina Transcriptome Data

In our previous study, 72,848 high-quality, full-length isoforms were obtained through
full-length transcriptome sequencing. Of these, 71,617 isoforms were expressed in the
Illumina-sequenced samples, and a total of 67,932 isoforms were annotated in at least one
database. Of these, 44,208 (65.08%), 66,896 (98.47%), 32,980 (48.54%), and 55,845 (82.21%)
isoforms were annotated according to the KOG, NR, KEGG, and Swiss-Prot databases,
respectively. Across the four databases, 27,077 isoforms were annotated in all of them
(Figure 3).

https://string-db.org/
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3.3. Identification of Key Candidate Genes Mediating Aluminum Accumulation in Sepals

Differentially expressed isoforms (DEIs) between the CK group and the Tr group were
identified at each of the three stages (S1–S3) in every cultivar (Figure 4). Considering all
three developmental stages (S1–S3) of sepals, a total of 6575 DEIs were obtained in ‘Bailmer’,
of which 2972 isoforms were upregulated and 3603 were downregulated. In total, 788 DEIs
were identified in ‘Duro’, of which 426 were upregulated and 362 were downregulated.
Among these DEIs, 84 upregulated isoforms and 70 downregulated isoforms were identified
in both cultivars (Figures 5 and S1).
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According to GO annotation, the 154 DEIs (84 upregulated isoforms and 70 downregu-
lated isoforms) were classified into three categories: biological process, cellular component,
and molecular function (Figure 6). Among these, 55 upregulated isoforms and 39 downreg-
ulated isoforms were significantly enriched (p ≤ 0.05). Isoforms with over 99% similarity
in the CDS region were identified as the same gene, resulting in 30 upregulated genes
and 13 downregulated genes (Table S2). Of these, seven upregulated and two downregu-
lated genes were related to stress resistance, thirteen upregulated and six downregulated
genes were involved in metabolism, six upregulated and two downregulated genes were
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involved in both metabolism and ion transport, and the remaining (four upregulated and
three downregulated genes) were transporter genes.
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3.4. Expression Verification of Key Candidate Genes Using qRT-PCR

The relative expression of 43 differentially expressed genes (30 upregulated and 13 down-
regulated) was verified using qRT-PCR. Seven genes, including HmDDS (Dammarenediol
II synthase-like), HmDHK (1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 1), HmALS3.1
(protein Aluminum sensitive 3), HmABAH4 (Abscisic acid 8′-hydroxylase), HmMSMO1-1 (Methyl-
sterol monooxygenase 1-1), HmPAP8 (Purple acid phosphatase 8-like), and HmSULTR3;1 (Sulfate
transporter 3.1-like), were upregulated across all three stages of sepals in both cultivars under
Al treatment (Figure 7). Additionally, the specificity and efficiency of PCR amplification
were confirmed. PCR amplifications for each primer pair showed a single and desired
amplicon of the expected size on a 1.5% agarose gel (Figure 8A), and a single peak in melt
curves (Figure 8B). This pattern was consistent with the Al content in the sepals and the
gene expression profile based on transcriptome data for the two cultivars (Figures 2 and 5).
These seven genes were identified as being related to Al accumulation in sepals.
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According to gene functions (Table S2), HmDDS and HmMSMO1-1 are associated
with organic substance biosynthesis; HmDHK, HmABAH4, and HmPAP8 are primarily in-
volved in macromolecule metabolism and transition metal ion binding; and HmALS3.1 and
HmSULTR3;1 are transporters responsible for metal ion and sulfate transport, respectively.
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3.5. Protein Interaction Analysis

Among the seven genes, only the HmALS3.1 gene was found to have an interaction
network with several proteins (Figure 9). HmALS3.1, as the central protein, was closely
linked to the ATP-binding cassette (ABC) transporter protein family. The only experimen-
tally verified interaction with the HmALS3.1 protein is ABCI17, which belongs to the ABC
transporter superfamily. Among the predicted interactions, ABCB27, ABCI17, and LPR2
are identified as neighborhood proteins to HmALS3.1. Through automated and unsu-
pervised text mining, nine proteins (ABCB27, ABCI1, ABCI17, ALMT1, Q9LJC4_ARATH,
DTX42, MRS2-10, STOP1, and STOP2) were frequently mentioned and were the first shell
of interactors with HmALS3.1.
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4. Discussion

H. macrophylla is famous for its sepal color changes under different cultivation condi-
tions. The sepal color is pink-red when the plant is grown in neutral to alkaline soils and
blue when grown in acidic soils. The main reason for sepals bluing is that Al3+ is absorbed
by roots in acidic soil and transported to sepals to participate in the formation of blue com-
plex [28,29]. In fact, not every cultivar with a pink-red sepal color has blue sepals in acidic
soils with Al3+ because the bluing capability of the sepal color was positively correlated
with the proportion of delphinidin-3-glucoside among all the anthocyanins in sepals [16,30].
In this experiment, two cultivars with different sepal color bluing capabilities were utilized.
The sepal color of ‘Bailmer’ varied significantly from pink to blue under Al treatment,
whereas ‘Duro’ exhibited slightly and did not turn blue from pink [16]. However, both
cultivars had higher Al content in sepals under Al treatment. Consequently, we analyzed
the transcriptome data from the two cultivars to elucidate how H. macrophylla responded
to Al.

To identify genes associated with Al accumulation, transcriptome data from two culti-
vars of H. macrophylla were used to screen 43 differentially expressed genes. Additionally,
seven genes associated with Al accumulation were identified using the qRT-PCR technique:
HmDDS, HmDHK, HmALS3.1, HmABAH4, HmMSMO1-1, HmPAP8, and HmSULTR3;1
(Figure 7). In the research, we failed to obtain hydroponically cultivated flowering plants,
so all the plants were grown in the mixed substrate containing peat and perlite (7:3, by
volume). The lower Al3+ level in peat might affect gene expression. The seven genes
screened exhibited significant differences in the expression level at all three developmental
stages between the CK and Tr groups in both cultivars.

Except for HmALS3.1, the other six genes have not been reported in the literature as
being associated with Al stress. In the experiments, Al3+ in the form of Al2(SO4)3 was
applied to the substrate; thus, the addition of sulfate ions may have significantly increased
the expression of HmSULTR3;1 [31].

Aluminum sensitive 3 (ALS3) encodes a half-size ABC protein, which belongs to the
large family of ATP-binding cassette (ABC) proteins [32]. Studies have shown that the
ALS3 gene functions in Al resistance across various plant species. In Arabidopsis thaliana,
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the expression of AtALS3 was regulated by Al signal in roots and shoots [32,33]. Homologs
of ALS3 genes required for Al resistance have also been identified in Rhododendron yunna-
nense [34], soybean [35], and buckwheat [36]. The potential role of this protein is to transfer
Al3+ from sensitive root tissues to less sensitive shoots, thereby reducing Al toxicity [32,37].
Plant roots can also tolerate Al3+ internally by sequestering it into vacuoles [38,39].

Simulations using the Arabidopsis database (Figure 9) revealed that some proteins
interacting with HmALS3.1 are also involved in plant Al resistance. Among them, two
organic acid transporters were mentioned, ALMT1 and DTX42. Aluminum-activated
malate transporter 1 (ALMT1) was identified as an Al-activated malate efflux transporter,
secreting malate to chelate Al3+ in the rhizosphere, thus preventing Al from sensitive root
cells [40–42]. The expression of ALMT1 plays an important role in improving Al resistance in
wheat [43], Arabidopsis [44], and apple [45]. Although DTX42 belonging to the MATE efflux
family has not yet been verified as related to Al response, such as DTX30 from the same
family, it indirectly modulates citrate exudation to promote Al tolerance by modulating
auxin levels in root [46]. The HmALS3.1 gene was also closely associated with the other ATP-
binding cassette (ABC) transporter proteins. The ABC transporter family is divided into
eight subfamilies based on the evolutionary relationships of conserved regions, with ABCB
transporter proteins being the second-largest subfamily [47]. ABCB transporter proteins
mediate the transport of heavy metal ions, including cadmium, lead, and Al, and enhance
plant tolerance to heavy metals [32,48]. Among them, ABCB27 (ALS1) may play a role in Al
intracellular movement [32,49]. Additionally, some ABCI transporter proteins also respond
to Al stress. In soybeans, GsABCI1 transgenic plants exhibited resistance to Al treatment
through ion translocation or alterations in root components [50]. The ABCI17 (sensitive
to aluminum rhizotoxicity 1 (STAR1)) can interact with STAR2 to form a complex as a
bacterial-type ABC transporter, which transports UDP-Glc and is required for Al tolerance
in rice [39]. HmABCI17 from H. macrophylla has been shown to enhance Al tolerance in
yeast [51]. Q9LJC4_ARATH also belongs to the ABC transporter family, but it has not been
verified as being related to the Al response yet. Research has shown that the transcription
factor (TF) sensitive to proton rhizotoxicity1 (STOP1) regulates ALS3, AtALMT1, and
AtMATE expression under Al stress [52,53]. Additionally, the STOP1-independent NO
signaling pathway and STOP1-dependent regulation in the phosphoinositide (PI) signaling
pathway are involved in the regulation of PGIP1 expression under Al stress [54]. To some
extent, STOP2 can substitute for STOP1 in activating the transcription of genes regulated
by STOP1, including ALS3 and AtMATE [55,56]. In Arabidopsis, ALS3 and STAR1 form
the ATP-binding cassette (ABC) transporter complex located in the vacuolar membrane.
ALS3/STAR1 promotes the degradation of the Al resistance transcription factor STOP1
to regulate ALMT1 expression [57]. Two metal transporters are also mentioned in the
protein interaction network, magnesium transporter 1 (MRS2-10) and low phosphate root 2
(LPR2). MRS2-10 has shown the activity to transport Al in Arabidopsis [58]. These proteins
mentioned by the protein network may become the key points in the future study on Al
accumulation in H. macrophylla.

Additionally, other Al resistance genes have been identified in various plants, includ-
ing those from the MATE family first described in sorghum [59]. Subsequently, VrMATE19
and VrMATE30 were found to play a potential role in Al tolerance in mung beans [60].
In soybeans, the GmMATE13 and GmMATE75 genes enhanced Al tolerance in the plant
through citrate secretion [61]. Moreover, the nbatural resistance-associated macrophage
protein 1 (Nrat1) gene may be a useful tool for enhancing Al tolerance in rice and Ara-
bidopsis [62]. A knockout mutation in the Nrat1 gene resulted in decreased Al uptake and
increased binding of Al3+ to the cell wall [63]. In H. macrophylla, two aquaporin genes,
HmVALT and HmPALT1, were found to be associated with Al transport.

In our study, HmALS3.1 was identified as being closely related to Al accumulation
in sepals of H. macrophylla, while the functions of the remaining six genes require further
investigation. At present, the specific functions and regulatory mechanisms of HmALS3.1
participating in Al accumulation are being studied in our laboratory.
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5. Conclusions

This study first reports the identification of HmALS3.1 as a key gene related to Al accu-
mulation in the sepals of H. macrophylla. By analyzing the transcriptome data from the CK
group and the Al treatment group of the two cultivars of H. macrophylla, 43 differentially ex-
pressed genes (30 upregulated and 13 downregulated under the Al treatment) in sepals were
identified. Further research indicated that seven genes upregulated across all three stages
under Al treatment in both cultivars, including HmDDS, HmDHK, HmALS3.1, HmABAH4,
HmMSMO1-1, HmPAP8, and HmSUSTR3;1. Among the seven, the gene HmALS3.1 was
identified as a potential key player in Al transport within the sepals of H. macrophylla.
This study lays the groundwork for further exploration into the mechanisms by which
HmALS3.1 regulates Al accumulation in H. macrophylla.
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