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Introduction: The transplantation of seagrass fragments with shoots and

rhizomes is the most common method for the ecological restoration of

damaged seagrass meadows.

Methods: The aim of this study was to explore the effects of exogenous addition

(10mg permonth for 3months) of three commonly used plant growth regulators

(PGRs), including indoleacetic acid (IAA), gibberellin (GA3), and paclobutrazol

(PP333) on the growth and physiology of transplanted Thalassia hemprichii

fragments (TTFs), with and without the rhizome apex (RA), using a simulation

test. [Results] IAA and GA3 elevated the photosynthetic capacity and growth rate

of TTF leaves but did not significantly alter leaf length and width. In contrast,

PP333 reduced the leaf photosynthetic capacity and growth rate, while greatly

increasing the leaf width and root viability. Additionally, PP333 treatment led to an

increase in antioxidant enzyme activities (peroxidase [POD], superoxide

dismutase [SOD], and catalase [CAT]), as well as malondialdehyde (MDA) and

total phenol contents in TTFs, indicating some stress effects on the seagrass.

Furthermore, IAA and GA3 decreased soluble sugar and protein contents and

increased starch content in TTF tissues, whereas PP333 treatment elevated both

nonstructural carbohydrate and soluble protein contents. The presence of RA

positively affected the growth and physiology of T. hemprichii compared with

TTFs without RA. There was a significant interaction between the PGRs and RA on

leaf growth rate, chlorophyll fluorescence variables, and photosynthetic pigment

content of the TTFs (p < 0.05).

Discussion: This study provides guidelines for the application of PGRs during the

transplantation of T. hemprichii fragments for the restoration of seagrass meadows.
KEYWORDS

plant growth regulator, Thalassia hemprichii, transplantation, indoleacetic acid,
gibberellin, paclobutrazol, rhizome apex
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1 Introduction

Seagrasses are the only angiosperms that exclusively inhabit

seawater (Waycott et al., 2009; Reynolds et al., 2016). These

underwater ecosystems often form extensive seagrass meadows.

Seagrass meadows have important ecological functions, as they

oxygenate the water column (Hoang et al., 2021), regulate nutrients

(Jacob et al., 2013), stabilize sediments (Giulia et al., 2021), provide

nursery grounds for important recreational fisheries (Jones et al.,

2018), and serve as important food sources and habitats for dugongs

and sea turtles (Samantha et al., 2017). Unfortunately, seagrass

meadows face serious threats due to global climate change and

human activities, leading to accelerated degradation processes

(Holon et al., 2018; James et al., 2023). Research has shown that

seagrass meadow areas have been declining at a rate of

approximately 7% per year, and up to 35% of seagrass meadows

have been under severe stress since 1990 (Duarte et al., 2013).

Similar to most seagrass meadows worldwide, the area of seagrass

meadows around Hainan Island in China is shrinking due to a

variety of factors (environmental, biological, and climatic) (Glenn

et al., 2016).

Efforts to restore and rehabilitate seagrass meadows have been

ongoing since the mid-20th century (Maite et al., 2010; Yue et al.,

2019). Three types of methods are commonly used to restore the

damaged seagrass meadows: i) habitat improvement (Fonseca et al.,

2000; van Katwijk et al., 2009); 2) asexual reproduction, including

transplantation of seagrass patches or rhizomes (Horn et al., 2009;

Li et al., 2010); 3) sexual reproduction, including seed planting,

seedling transplantation, etc. (Jarvis and Moore, 2010; Tanner and

Parham, 2010). However, due to complex factors, successful

precedents in this field have been relatively limited (Statton et al.,

2012). Currently, the main method for ecologically restoring

seagrass meadows involves transplanting seagrass fragments, as

this method minimizes damage to the source seagrass meadows

(Park et al., 2021). However, due to the inherent genetic

characteristics of seagrasses (Pazzaglia et al., 2021), as well as the

inadequate adaptation of the transplanted seagrass fragments to the

hydrodynamic, temperature, salinity, nutrient levels, etc. of the new

environment, a slower growth rate, mortality or substantial losses

often occur, leading to the failure of seagrass meadow restoration

programs (Moreno et al., 2001). To optimize the techniques and

methods for transplanting seagrass fragments, some researchers

have treated seagrasses with plant growth regulators (PGRs) to

promote the growth of shoots and roots, enhancing the survival rate

of transplanted seagrass fragments and the overall success of

seagrass meadow restoration (Balestri and Bertini, 2003; Giulia

et al., 2021).

PGRs are synthesized based on an understanding of the

structure and mechanisms of natural plant hormones, exhibiting

physiological and biological effects similar to those of plant

hormones (Guzmán et al., 2021). PGRs can be used not only in

terrestrial plants, but also in some marine plants, such as

mangroves, seagrasses, and seaweeds, to promote growth and

development (Balestri and Bertini, 2003; Hong et al., 2018; Ali

et al., 2020). For example, research has shown that treating

Posidonia oceanica seedlings with a-naphthalene acetic acid and
Frontiers in Marine Science 02
indole-3-butyric acid accelerated root formation and leaf growth

(Balestri and Bertini, 2003). Both cytokinins and gibberellin (GA3)

can induce leaf and rhizome growth in Cymodocea nodosa explants

and can be used either alone or in combination (Balestri and

Lardicci, 2006; Garcıá-Jiménez et al., 2006; Maite et al., 2010).

Thalassia hemprichii is one of the dominant species of seagrass

meadows in the Western Pacific-Indian Ocean marine region

(Waycott et al., 2009). They typically occupy the coastal area

from intertidal to partially subtidal zones (Saewong et al., 2022),

forming either a single population or a mixed seagrass community

with other seagrasses (e.g., Enhalus acoroides, Cymodocea

rotundata) (Rocıó et al., 2018; Liu et al., 2022). Although some

studies have investigated the effects of PGRs on seagrasses, limited

information exists regarding the application of PGRs during the

transplantation of the tropical seagrass T. hemprichii (Balestri and

Lardicci, 2006; Yu et al., 2023).

Indoleacetic acid (IAA) is a plant growth promoter that is

widely used in agriculture and forestry because it effectively

promotes the elongation and division of plant cells (Glasby et al.,

2015; Zhang et al., 2016). GA3, another commonly used plant

growth regulator, regulates leaf extension, root development, the

shedding of plant organs (Muniandi et al., 2018; Shan et al., 2021).

In contrast, paclobutrazol (PP333) is a plant growth retardant that

inhibits the elongation of plant internodes and promotes short and

strong plant forms (Liu et al., 2018; Zhang et al., 2023). In this study,

our primary objective was to explore how these three PGRs (IAA,

GA3, and PP333) affect the growth, morphology, and physiology of

transplanted T. hemprichii fragments (TTFs).

Furthermore, it has been shown that the rhizome apex (RA)

serves as the meristematic zone of seagrass roots, containing

numerous meristematic cells that effectively promote the growth

and elongation of seagrass roots and rhizomes. These cells also play

a pivotal role in regulating the growth and development of the

entire seagrass plant by secreting various endogenous plant

hormones (Narayan et al., 2005; Zhukovskaya et al., 2020).

Therefore, the secondary objective of this study was to investigate

potential differences in the growth and physiology of TTFs with and

without RA in the context of PGR application.
2 Materials and methods

2.1 Test materials

T. hemprichii and sediment samples were collected during low

tide in March 2022 from the seagrass distribution area in Xincun

Bay, Hainan Province (18°24’26”N, 109°59’05”E). Subsequently, the

collected T. hemprichii samples were transported to the laboratory,

where dead and senescent leaves and epiphytes were carefully

removed. T. hemprichii plants were then dissected using a

precision knife to obtain standardized TTFs with RA (RA) or

without RA (NRA) (Figure 1). All TTFs were inserted into

sediments, which were laid flat in an incubator, with seawater

covering the seagrass leaves. These incubators, housing the TTFs,

were placed in a greenhouse made of glass for 2 weeks of pre-

cultivation for acclimation, after which the main experiment
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commenced. During pre-cultivation, natural light was applied, and

water curtains and atomization devices were used to control the

temperature inside the greenhouse to not exceed 42 °C. The salinity

of the seawater (drawn from the sea near the seagrass source) was

controlled within the range of 32–34 ‰. To maintain water

circulation, a moderate wave pump was used, and the seawater

was replaced every 3 days.
2.2 Experimental design

Three different PGRs were used in this study: IAA, GA3, and

PP333 (all purchased from Shanghai McLean Biochemical Science

and Technology Co., Ltd.). A control group (CK) was established

without the application of any PGR. The TTFs were divided into

two categories: NRA and RA. Therefore, eight treatment groups

were created for this study. Each group was subjected to three

replicate experiments.

Ten pre-cultured TTFs (NRA or RA) were transplanted into a

polyethylene incubator (37 cm × 25 cm × 22 cm) with a flat (5 cm

thick) layer of sediment. Seawater was added until all seagrass leaves

were submerged (15 cm deep). To allow the PGR to be better

absorbed by the seagrass root system and ensure its long-term

efficacy, an ethanol solution (2 mL) containing 10 mg of PGR was

diluted with 50 mL of seawater. The entire mixture was slowly

injected into the sediment at multiple points using a syringe. The

CK was injected with an equal volume of seawater.

After PGR application, all incubators were placed in the

greenhouse for incubation under the same conditions as the pre-

cultivation. The incubation process lasted for 90 days. During the

process, a Temperature-light Data Logger (HOBO-UA-64, USA)

was used to monitor and record the temperature and photon flux

density inside the greenhouse, with a frequency of every 60 minutes.

The results are shown in Supplementary Figure S1. Additional doses

of 10 mg of PGRs were injected into the sediments on days 31 and

61 after the start of incubation.
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2.3 Determination of growth, morphology,
and physiology

During the final 10 days of incubation, five T. hemprichii plants

were randomly selected from each treatment group to determine

their growth rate using the pinhole method (Zieman, 1974). All

other morphological and physiological indices of T. hemprichii were

measured at the end of the incubation period.

To determine leaf area, five mature T. hemprichii leaves were

randomly selected from each treatment group and the length and

width of the leaves were measured. Leaf area was calculated as leaf

length × leaf width. Three seagrass plants were randomly selected,

and their root viability was determined according to a previously

described method (Kulikova et al., 2011).

Chlorophyll fluorescence was measured in vivo using a Diving-

PAM-II (Heinz Walz, Effeltrich, Germany) (Lu et al., 2020). Rapid

light curves (RLC) of relative electron transport rate (rETR)

through photosystem II (PSII) versus irradiance were obtained by

subjecting leaves to light intensities ranging from 0–1200 mmol

photons m-2 s-1 for 10 s per step. The rETR was calculated from the

RLC data using the formula rETR = DF/Fm′ × PAR × 0.5 × 0.84. The

maximum rETR (rETRmax) and photosynthetic light-harvesting

efficiency (a, the initial slope of the RLC) were obtained by fitting

the RLC to the equation of Eilers and Peeters (1988) using the least

squares method.

Pulse-amplitude-modulated fluorescence measurements were

employed to accurately assess the photosynthetic properties of

plants and reflect the photosynthetic responses of seagrass to

experimental treatments. Before measurement, the plants were

dark-adapted by shading for 30 min, and three leaves were

randomly selected. Under a photosynthetically active radiation of

131 mmol photons m-2 s-1 (635 nm), the minimum fluorescence (Fo)

and maximum fluorescence (Fm) of seagrass leaves were measured.

Additional parameters such as the maximum photochemical

efficiency (Fv/Fm), photochemical burst coefficient (qP), non-

photochemical burst coefficient (NPQ), and actual photochemical
FIGURE 1

The standardized T. hemprichii fragment for transplantation with (A) or without (B) rhizome apex. Each standardized fragment includes a completed
T. hemprichii shoot and a segment of rhizome approximately 10 cm.
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quantum yield (FPSII) of PSII were calculated using equations

provided by Jiang et al. (2010).

The chlorophyll (chlorophyll a, Chla; chlorophyll b, Chlb) and

carotenoid contents in the leaves of T. hemprichii were determined

using the acetone extraction method (Jung et al., 2016), and the total

photosynthetic pigment content was calculated as the sum of the

above three components. Peroxidase (POD), superoxide dismutase

(SOD), and catalase (CAT) activities, as well as malondialdehyde

(MDA) content of T. hemprichii tissues (leaves and roots) were

determined using the corresponding kits (Nanjing Jiancheng

Institute of Bioengineering). Non-structural carbohydrates,

including soluble sugars and starch, were quantified using the

anthrone and colorimetric methods described by Jiang et al.

(2012). Soluble protein content was determined using the

Coomassie Brilliant Blue method (Wu and Shen, 2021). Total

phenol content was determined using the forintol colorimetric

method (Tosun et al., 2009).
2.4 Statistical analysis

Data were analyzed using SPSS software (version 26.0; IBM

Corp., Armonk, NY, USA), with LSD (least significant difference)

post hoc tests for pairwise comparisons. All measurements were

performed on randomly selected samples, and the data are

presented as the mean ± standard deviation (SD) of at least three

replicates. One-way analysis of variance (ANOVA) and multiple

comparisons were used to analyze different PGRs with the same
Frontiers in Marine Science 04
TTF morphology (RA or NRA). Independent-sample t-tests were

used to analyze different TTFs (RA and NRA) within the same PGR

group. Furthermore, interaction analyses between different factors

were performed using two-way or three-way ANOVA. Graphs were

created using GraphPad Prism software. Statistical significance was

set at p < 0.05.
3 Results

3.1 Leaf growth rate and
morphological characteristics

As shown in Figure 2A, three months after transplantation, the

leaf growth rates of TTFs under different treatments ranged from

0.33 ± 0.12 to 1.48 ± 0.12 mm d-1. The addition of IAA and GA3

significantly enhanced the leaf growth rate of TTFs, regardless of the

presence or absence of RA (p < 0.05). In contrast, PP333 significantly

reduced the seagrass growth rate (p < 0.05). The TTFs with RA that

were treated with PP333 had a significantly higher growth rate than

those without RA (p < 0.01), whereas the other treatments (CK,

IAA, and GA3) showed no significant difference in growth rate

between the two TTF types (p > 0.05).

For TTFs without RA, the PP333 treatment resulted in

significantly shorter leaf lengths compared to the other treatments

(p < 0.05; Figure 2B), whereas for TTFs with RA, the PP333
treatment had significantly (p < 0.05) shorter leaf length than

the GA3 treatment. Compared with the CK, the GA3 treatment
B

C D

A

FIGURE 2

Effects of PGRs on leaf growth rate (A), leaf length (B), leaf width (C), and leaf area (D) of transplanted T. hemprichii fragments. NRA, transplanted
T. hemprichii fragments without rhizome apex; RA, transplanted T. hemprichii fragments with rhizome apex; CK, control; IAA, indoleacetic acid; GA3,
gibberellin; PP333, paclobutrazol. Different lowercase letters indicate significant differences (p < 0.05) in transplanted T. hemprichii fragments without
rhizome apex applied with different PGRs treatments; different uppercase letters indicate significant differences (p < 0.05) in transplanted T.
hemprichii fragments with rhizome apex applied with different PGRs treatments. * and ** indicate significant (p < 0.05) or highly significant (p < 0.01)
differences between treatments of transplanted T. hemprichii fragments with and without rhizome apexes, respectively, when the same PGRs
were applied.
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significantly decreased the leaf width of TTFs without RA (p < 0.05;

Figure 2C), whereas the PP333 treatment significantly increased leaf

width (p < 0.05). For TTFs with RA, PP333 treatment resulted in

significantly greater leaf width compared to all other treatments

(p < 0.05). When comparing the TFFs with and without RA, leaf

length was significantly enhanced by PP333 (p < 0.05) and leaf width

was significantly enhanced by GA3 (p < 0.01).

For TTFs without RA, the leaf area was significantly greater in

the IAA treatment than in the GA3 treatment (p < 0.05); however,

there were no significant differences among the other treatments

(p > 0.05, Figure 2D).

Two-way ANOVA (Supplementary Table S1) showed that

PGRs significantly affected the leaf growth rate, length, and width

of TTFs (p < 0.01), but there was no significant effect on leaf area

(p > 0.05). The presence or absence of RA significantly affected

the leaf growth rate and leaf area (p < 0.01) of TTFs, as well as

leaf width (p < 0.05); however, it had no significant effect on

leaf length (p > 0.05). Furthermore, PGR and RA had significant

(p < 0.01) interactions with leaf growth rate, but not with the other

variables (p > 0.05).
3.2 Root vitality

As shown in Figure 3, for TTFs without RA, the GA3 treatment

significantly reduced root vitality compared to the other treatments

(p < 0.05), whereas the PP333 treatment led to significantly higher

root vitality (p < 0.05). In contrast, for TTFs with RA, the IAA and

PP333 treatments significantly increased root viability compared to

the CK and GA3 treatments (p < 0.05). The presence of RA
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significantly enhanced root vitality of the TTFs in the CK, IAA,

and GA3 groups (p < 0.05). Moreover, the most significant

enhancement was observed in the TTFs treated with PP333

(p < 0.01). Both PGR and RA significantly affected the root

vitality of the TTFs (p < 0.01), but there was no significant

association between them (Supplementary Table S1).
3.3 Chlorophyll fluorescence parameters

As shown in Figure 4, the parameters of RLC, a, and rETRmax,

were increased in the IAA group compared to the CK group, but

significantly decreased in the PP333 group (p < 0.05). Moreover, a
and rETRmax were significantly higher for TTFs with RA than for

TTFs without RA when PP333 was applied (p < 0.05 or p < 0.01).

The type of PGR had a significant effect on a and rETRmax

(p < 0.01), and RA had a significant effect on rETRmax (p < 0.01).

However, there was no significant interaction between the PGR and

RA (Supplementary Table S2).

The chlorophyll fluorescence parameters measured in the leaves

of the TTFs after dark adaptation are shown in Table 1. The results

showed that IAA decreased Fo and NPQ and increased Fv/Fm, qP, and

FPSII of the TTF leaves compared to CK. Conversely, PP333 increased

Fo andNPQ and decreased Fm, Fv/Fm, qP, andFPSII. GA3 had minimal

effect on the dark-responsive chlorophyll fluorescence parameters,

except for qP and NPQ. The results of the two-way ANOVA

(Supplementary Table S2) showed that the PGR type had a

significant effect on all dark-responsive chlorophyll fluorescence

parameters (p < 0.01), while RA had a significant effect on all

parameters except Fv/Fm (p < 0.01). Both PGR and RA had

significant interaction effects on Fo, qP, andNPQ (p < 0.05 or p < 0.01).
3.4 Photosynthetic pigment content

As shown in Figure 5, the IAA treatment enhanced Chla,

carotenoid, and total photosynthetic pigment contents of the

leaves of the TTFs. However, PP333 treatment reduced Chla and

total photosynthetic pigment content in the TTF leaves. GA3 had no

significant effect on the leaves (p > 0.05). The presence of RA

significantly enhanced Chla, Chlb, and total photosynthetic

pigment content in the GA3 and PP333 treatments. The results of

the two-way ANOVA (Supplementary Table S2) revealed that PGR

type had a significant effect on the photosynthetic pigment content

of the TTFs leaves (p < 0.05 or p < 0.01). The presence of RA had a

significant effect on Chla, Chlb, and total photosynthetic pigment

content (p < 0.05 or p < 0.01). Furthermore, there was a significant

interaction between the two factors on Chla and total

photosynthetic pigment content (p < 0.05).
3.5 Antioxidant enzyme activity and
MDA content

As shown in Figure 6, IAA and GA3 had minimal effect on POD

and SOD activities of TTF tissues (leaves and roots) but reduced
FIGURE 3

Effect of PGRs on root vitality of transplanted T. hemprichii fragments.
NRA, transplanted T. hemprichii fragments without rhizome apex; RA,
transplanted T. hemprichii fragments with rhizome apex; CK, control;
IAA, indoleacetic acid; GA3, gibberellin; PP333, paclobutrazol. Different
lowercase letters indicate significant differences (p < 0.05) in
transplanted T. hemprichii fragments without rhizome apex applied
with different PGRs treatments; different uppercase letters indicate
significant differences (p < 0.05) in transplanted T. hemprichii
fragments with rhizome apex applied with different PGRs treatments.
* and ** indicate significant (p < 0.05) or highly significant (p < 0.01)
differences between treatments of transplanted T. hemprichii
fragments with and without rhizome apexes, respectively, when the
same PGRs were applied.
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their CAT activities to varying degrees compared to CK. PP333
significantly elevated the activity of all three enzymes (p < 0.05). The

presence of RA elevated all three enzyme activities in the roots of

TTFs, but had no significant effect on the antioxidant enzyme

activities in the leaves. PGR application elevated MDA content in

the leaves of TTFs, especially in TTFs with RA. The root MDA

content was significantly elevated by PP333 treatment TTFs with RA

(p < 0.05).

The results of the three-way ANOVA of the effects of the TTF

part, PGR type, and RA on POD, SOD, and CAT activities and

MDA content are presented in Supplementary Table S3. The results
Frontiers in Marine Science 06
showed that TTF part, PGR type, and RA had significant effects on

the activities of all three antioxidant enzymes and MDA content

(p < 0.01). There was no significant interaction between the three

treatments on POD activity (p > 0.05), a weak interaction on MDA

content, and a strong interaction on SOD and CAT activities.
3.6 Metabolite content

The contents of soluble sugars, starches, soluble proteins, and

total phenols in TTF tissues under different PGR treatments are
B

A

FIGURE 4

Effect of PGRs on the rapid light curve (RLC) fitting parameters a (initial slope of the RLC, (A) and rETRmax (maximum rETR, rETR is the relative
electron transport rate through PSII, (B) in leaves of transplanted T. hemprichii fragments. NRA, transplanted T. hemprichii fragments without
rhizome apex; RA, transplanted T. hemprichii fragments with rhizome apex; CK, control; IAA, indoleacetic acid; GA3, gibberellin; PP333, paclobutrazol.
Different lowercase letters indicate significant differences (p < 0.05) in transplanted T. hemprichii fragments without rhizome apex applied with
different PGRs treatments; different uppercase letters indicate significant differences (p < 0.05) in transplanted T. hemprichii fragments with rhizome
apex applied with different PGRs treatments. * and ** indicate significant (p < 0.05) or highly significant (p < 0.01) differences between treatments of
transplanted T. hemprichii fragments with and without rhizome apexes, respectively, when the same PGRs were applied.
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shown in Figure 7. These metabolite contents varied with PGR type,

TTF part, and RA presence. The soluble sugar content was much

higher in the roots of TTFs than in the leaves (Figure 7A). The

application of IAA and GA3 reduced the soluble sugar content to

varying degrees in both the leaves and roots. In contrast, the soluble

sugar content of PP333-treated TTFs was elevated, particularly in the

TTFs without RA. Across all treatments, the starch content was

slightly higher in the roots than in the leaves (Figure 7B). PGR
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treatment resulted in elevated starch content in seagrass tissues. The

presence of RA had no significant effect on the soluble sugar and

starch content of the TTFs (p > 0.05). Similar to soluble sugars,

soluble protein content in TTF tissues was decreased by IAA and

GA3 treatments and increased by PP333 treatment (Figure 7C). The

presence of RA drastically elevated soluble protein content in T.

hemprichii tissues, especially in roots. As shown in Figure 7D, the

total phenol content in the roots of the TTFs was much lower than
B

C D
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FIGURE 5

Effects of PGRs on chlorophyll a (A), chlorophyll b (B), carotenoid (C), and total photosynthetic pigment (D) contents of leaves of transplanted T.
hemprichii fragments. NRA, transplanted T. hemprichii fragments without rhizome apex; RA, transplanted T. hemprichii fragments with rhizome
apex; CK, control; IAA, indoleacetic acid; GA3, gibberellin; PP333, paclobutrazol. Different lowercase letters indicate significant differences (p < 0.05)
in transplanted T. hemprichii fragments without rhizome apex applied with different PGRs treatments; different uppercase letters indicate significant
differences (p < 0.05) in transplanted T. hemprichii fragments with rhizome apex applied with different PGRs treatments. * and ** indicate significant
(p < 0.05) or highly significant (p < 0.01) differences between treatments of transplanted T. hemprichii fragments with and without rhizome apexes,
respectively, when the same PGRs were applied.
TABLE 1 Effect of PGRs on chlorophyll fluorescence parameters of leaves of transplanted T. hemprichii fragments.

Treatment Fo Fm Fv/Fm qP NPQ ФPSII

NRA

CK 387 ± 37 b 1241 ± 28 b 0.69 ± 0.02 b 0.31 ± 0.01 b 1.08 ± 0.05 a 0.20 ± 0.01 b

IAA 289 ± 89 a 1294 ± 52 b 0.76 ± 0.08 b 0.33 ± 0.03 bc 0.96 ± 0.08 a 0.21 ± 0.02 b

GA3 359 ± 15 ab 1247 ± 47 b 0.71 ± 0.02 b 0.37 ± 0.03 c 0.93 ± 0.14 a 0.21 ± 0.01 b

PP333 708 ± 17 c 1035 ± 56 a 0.51 ± 0.05 a 0.22 ± 0.03 a 1.39 ± 0.14 b 0.16 ± 0.01 a

RA

CK 395 ± 60 AB 1321 ± 19 AB * 0.70 ± 0.05 B 0.37 ± 0.05 AB 0.75 ± 0.03 AB ** 0.22 ± 0.01 B *

IAA 299 ± 41 A 1392 ± 49 AB 0.80 ± 0.02 C 0.41 ± 0.03 B * 0.68 ± 0.08 A * 0.25 ± 0.01 C *

GA3 381 ± 62 AB 1429 ± 78 B * 0.68 ± 0.05 B 0.35 ± 0.04 AB 1.02 ± 0.12 C 0.21 ± 0.01 B

PP333 413 ± 38 B ** 1281 ± 80 A * 0.60 ± 0.02 A * 0.30 ± 0.02 A * 0.92 ± 0.11 BC ** 0.19 ± 0.01 A *
Fo, minimum fluorescence; Fm, maximum fluorescence; Fv/Fm, maximum photochemical efficiency of PSII; qP, photochemical burst coefficient; NPQ, nonphotochemical burst coefficient; ФPSII,
actual photochemical quantum yield; NRA, transplanted T. hemprichii fragments without rhizome apex; RA, transplanted T. hemprichii fragments with rhizome apex; CK, control; IAA,
indoleacetic acid; GA3, gibberellin; PP333, paclobutrazol. Different lowercase letters indicate significant differences (p < 0.05) in transplanted T. hemprichii fragments without rhizome apex treated
with different PGRs, and different uppercase letters indicate significant differences (p < 0.05) in transplanted T. hemprichii fragments with rhizome apex treated with different PGRs. * and **
indicate significant (p < 0.05) or highly significant (p < 0.01) differences between treatments of transplanted T. hemprichii fragments with and without rhizome apexes, respectively, when the same
PGRs were applied.
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FIGURE 6

Effect of PGRs on leaf and root peroxidase [POD (A)], superoxide dismutase [SOD (B)], catalase [CAT (C)] activities and malondialdehyde [MDA (D)]
content of transplanted T. hemprichii fragments. NRA, transplanted T. hemprichii fragments without rhizome apex; RA, transplanted T. hemprichii
fragments with rhizome apex; CK, control; IAA, indoleacetic acid; GA3, gibberellin; PP333, paclobutrazol. Different lowercase letters indicate
significant differences (p < 0.05) in transplanted T. hemprichii fragments without rhizome apex applied with different PGRs treatments; different
uppercase letters indicate significant differences (p < 0.05) in transplanted T. hemprichii fragments with rhizome apex applied with different PGRs
treatments. * and ** indicate significant (p < 0.05) or highly significant (p < 0.01) differences between treatments of transplanted T. hemprichii
fragments with and without rhizome apexes, respectively, when the same PGRs were applied.
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FIGURE 7

Effects of PGRs on the content of soluble sugars (A), starch (B), soluble proteins (C), and total phenols (D) in the leaves and roots of transplanted T.
hemprichii fragments. NRA, transplanted T. hemprichii fragments without rhizome apex; RA, transplanted T. hemprichii fragments with rhizome
apex; CK, control; IAA, indoleacetic acid; GA3, gibberellin; PP333, paclobutrazol. Different lowercase letters indicate significant differences (p < 0.05)
in transplanted T. hemprichii fragments without rhizome apex applied with different PGRs treatments; different uppercase letters indicate significant
differences (p < 0.05) in transplanted T. hemprichii fragments with rhizome apex applied with different PGRs treatments. * and ** indicate significant
(p < 0.05) or highly significant (p < 0.01) differences between treatments of transplanted T. hemprichii fragments with and without rhizome apexes,
respectively, when the same PGRs were applied.
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that in the leaves. The total phenol content in the tissues of TTFs

with RA was lower than that in the TTFs without RA. PP333
application elevated total phenol content in the tissues.

Three-way ANOVA (Supplementary Table S4) showed that

TTF part and PGR type had significant effects on the contents of the

four metabolites in the TTFs (p < 0.01). Moreover, the presence of

RA had a significant effect on soluble protein and total phenol

content (p < 0.01). There was no significant interaction effect

between the TTF part, PGR type, and RA presence on soluble

sugar content (p > 0.05). However, TTF part and PGR type had a

significant interaction effect on starch content (p < 0.05), while TTF

part and RA had a significant interaction effect on soluble protein

and total phenol content.
4 Discussion

4.1 Effects of PGRs on leaf growth and
photosynthesis of TTFs

At the end of the experiment, the leaf growth rate of TTFs

ranged from 0.33 ± 0.12 to 1.48 ± 0.12 mm d-1 (Figure 2A).

Compared to the CK, the IAA treatment increased the growth

rate of seagrass leaves by 31.3% (NRA) and 45.0% (RA). GA3

treatment increased the growth rate of seagrass leaves by 41.1%

(NRA) and 32.1% (RA), indicating that both treatments were

effective in promoting the growth rate of seagrass leaves. This is

consistent with the results of previous studies (Balestri and Lardicci,

2006; Garcıá-Jiménez et al., 2006). However, while IAA and GA3

accelerated leaf growth, they did not effectively promote an increase

in leaf length (Figure 2B). This indicated that their application

accelerated leaf turnover (0.0103 ± 0.0011 mm d-1 for CK; 0.0131 ±

0.0015 and 0.0128 ± 0.0015 mm d-1 for IAA and GA3 treatments,

respectively). We also found that for the TTFs without RA, leaf

width was significantly greater in the IAA treatment group than in

the GA3 treatment group (p < 0.05; Figure 2C). This resulted in a

larger leaf area in the IAA-treated seagrass than in the GA3-treated

seagrass (Figure 2D). This suggests that IAA and GA3 have different

mechanisms of action in regulating the growth of seagrass leaves.

IAA promotes cell division and differentiation (Glendon et al., 2009;

Yu et al., 2017), while GA3 promotes cell elongation (Kou

et al., 2021).

Conversely, PP333, a plant growth retardant, functions by

reducing the level of endogenous hormones in plants (Ren et al.,

2003; Zhang et al., 2023). This inhibits cell division and elongation

within plant meristematic tissues, effectively moderating the overall

growth rate of the plant. As a result, it leads to reduced nutrient

uptake and contributes to the dwarfing of the plant. In this study,

PP333 treatment not only reduced the growth rate of the leaves of

the TTFs by 66.7% (NRA) and 33.7% (RA) compared to CK

(Figure 2A), but also reduced their leaf length (Figure 2B) and

leaf turnover (0.0059 ± 0.0020 mm d-1). Moreover, leaf width in the

PP333 treatment group was significantly greater than that of the

other treatments (p < 0.05; Figure 2C). Studies have shown that

PP333 application reduces plant leaf area (Misra et al., 2005; Kumar

and Sharma, 2016; Liu et al., 2018). However, the results of the
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present study showed that there was no significant difference in the

leaf area of TTFs in the PP333 treatment group compared to the

other treatments (p > 0.05; Figure 2D).

Correlation analysis of leaf growth rate and leaf length and

width (Figure 8A), as well as leaf length and leaf width (Figure 8B)

of TTFs for all treatments revealed interesting relationships. There

was a significant positive correlation between leaf length and growth

rate (p < 0.01), while leaf width was significantly negatively

correlated with leaf length (p < 0.05). Additionally, there was a

significant negative correlation between leaf width and growth rate

(p < 0.05). This suggests that regardless of PGR application or type,

accelerated leaf growth rate led to thinner and longer leaves, and

vice versa.

The rate of photosynthesis and the efficiency of light energy

utilization play a critical role in plant growth (Semesi et al., 2009;

Liao et al., 2022). Currently, research on both terrestrial (Hussain

et al., 2020) and aquatic plants (Balestri and Bertini, 2003; Balestri

and Lardicci, 2006) supports the conclusion that IAA and GA3

application improves plant photomorphogenesis and promotes

efficient photosynthesis by leaves. We found that the application

of IAA and GA3 enhanced rETRmax, Fm, Fv/Fm, qP, FPSII, and

photosynthetic pigment content in the leaves of TTFs, and reduced

their Fo and NPQ (Figures 4 and 5; Table 1). Overall, IAA was more

effective than GA3 in enhancing photosynthesis in T. hemprichii.

Furthermore, many studies have found that the PP333 application

enhances the chlorophyll content and photosynthetic efficiency of

plants (Cheng et al., 2002; Zhang et al., 2023). However, we found

that several important chlorophyll fluorescence parameters

(rETRmax, Fv/Fm, and FPSII) and leaf photosynthetic pigment

content were lower in the PP333 treatment than in other

treatments (Figures 4 and 5; Table 1). This discrepancy may be

attributed to distinct responses of different plants to PP333 (Liu

et al., 2018). Additionally, inappropriate dosage or application of

PP333 in the present study may have contributed to

its ineffectiveness.
4.2 Effects of PGRs on antioxidant enzyme
activities and metabolite content of TTFs

Antioxidant enzymes play a crucial role in protecting plants

from environmental stress by scavenging reactive oxygen species

(ROS) (Halder et al., 2018). Previous studies have shown that the

application of PGRs significantly increases the antioxidant enzyme

activities in plant tissues and enhances the scavenging of ROS

(Wang et al., 2016; Jahan et al., 2019; Rajput et al., 2021). However,

we observed no significant elevation in the activities of POD, SOD,

and CAT in the IAA and GA3 treatments compared to CK

(Figure 6). This indicates that the application of these two PGRs

did not cause any significant stress effects on the TTFs and that

T. hemprichii was in a good growth condition. However, the

antioxidant enzyme activities and MDA (a product of lipid

peroxidation of plant cell membranes) content were higher in the

tissues (leaves and roots) of the PP333-treated TTFs compared to the

other treatments (Figure 6). This indicates that PP333 potentially

induced stress in TTFs, leading to lipid peroxidation and damage to
frontiersin.org

https://doi.org/10.3389/fmars.2024.1334937
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Li et al. 10.3389/fmars.2024.1334937
the membrane system (Cristina et al., 2016; Mahfuza et al., 2017).

This may be attributed to the improper use and dosage of PP333
used in this study. Nevertheless, the antioxidant enzyme activities

and MDA content of PP333-treated TTFs were not significantly

increased, indicating that the stress and damage were not severe.

Furthermore, the content of non-structural carbohydrates

(soluble sugars and starch) in the TTF tissues was influenced by

PGR treatments (Figures 7A, B). IAA and GA3 treatments decreased

the soluble sugar content and increased starch content in leaves and

roots. This may be attributed to the ability of these two PGRs to

regulate carbohydrate allocation between soluble sugars and starch

(Ren et al., 2022). It has been shown that the application of IAA and

GA3 can enhance the metabolism and output rate of soluble sugars in

plant tissues by inducing the expression of sugar metabolism-related

enzyme genes. This promotes leaf growth, starch accumulation, and

provides the necessary carbon source for overall plant growth and

development (Jiang et al., 2012; Zhang et al., 2021). Additionally,

these PGRs reduce the inhibitory effect of excessive sugar content on

photosynthesis as demonstrated in vivo (Rafael et al., 2017; Ren et al.,
Frontiers in Marine Science 10
2022). Conversely, both soluble sugar and starch contents in the

tissues of PP333-treated TTFs exhibited an increasing trend compared

to CK. This increase may be attributed to the slow growth and

metabolism of T. hemprichii in the PP333 treatment group, leading to

the accumulation of photosynthetic products within the plant.

Similar to the soluble sugars, the soluble proteins in the leaves and

roots of the TTFs also decreased in the IAA and GA3 treatments

compared with CK, but slightly increased in the PP333 treatment

(Figure 7C). This indicates consistency in the carbon and nitrogen

metabolism of T. hemprichii.

Phenolic compounds are important secondary metabolites in

plants (Trevathan-Tackett et al., 2015; Martina et al., 2023).

Elevated levels phenolic compounds often indicate that plants are

experiencing some degree of stress effects (Stamp, 2003; Fan et al.,

2020). Consistent with the antioxidant enzyme activities and MDA

performance, the total phenolic content of PP333-treated TTFs was

elevated compared to that of the other treatments (Figure 7D),

further proving that the treated T. hemprichii experienced some

degree of stress.
B

A

FIGURE 8

Correlation of leaf growth rate with leaf length and width (A) and correlation between leaf length and leaf width (B) in transplanted T. hemprichii
fragments. *, correlation is significant at the 0.05 level (2-tailed); **, correlation is significant at the 0.01 level (2-tailed).
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4.3 Effects of PGRs on root viability of TTFs
and the role of RA

Studies have shown that the application of PGRs such as IAA,

GA3, and PP333 promotes root development in plants (Yoon et al.,

2021). For example, the application of PGRs to plant cuttings

during cutting promotes the production of adventitious roots

(Balestri and Lardicci, 2006; de Andrade et al., 2023). However,

we did not observe similar adventitious root production near the

cuttings of severed T. hemprichii rhizomes, regardless of whether

PGR application. Moreover, we did not observe significant

elongation of seagrass rhizomes. This may be attributed to the

fact that the root development of T. hemprichii is insensitive to

PGRs, to the difficulty in forming adventitious roots, and the

inherently slower growth rate of T. hemprichii rhizomes (Abadie

et al., 2019). However, the application of IAA and PP333 enhanced

the root vitality of TTFs to some extent (Figure 3).

The results of this study indicated that the presence of RA had a

significant effect on leaf growth rate, leaf area, root vitality, most of

the chlorophyll fluorescence variables, and chlorophyll content of

TTFs (p < 0.01; Supplementary Tables S1 and S2). Additionally, the

presence of RA had a significant effect on antioxidant enzyme

activities and MDA content of T. hemprichii tissues (leaves and

roots) (p < 0.01; Supplementary Table S3), as well as soluble

proteins and total phenol content (Supplementary Table S4). The

RA is the most active site for seagrass root growth (de Battisti et al.,

2021), where endogenous hormones such as growth hormones (e.g.,

IAA and GA3) can be synthesized and transported through polar

transport to the phloem distribution area of the plant to promote

nutrient propagation and expand ecological niche space (Ewan

et al., 2020). Therefore, TTFs with RA benefitted from the presence

of endogenous hormones synthesized by RA and the absorption of

exogenous PGRs through roots and leaves, resulting in a more

significant effect on growth and physiological enhancement.

Conversely, TTFs without RA had weakened abilities to produce

endogenous hormones and relied solely on exogenous PGRs for

growth regulation; thus, their effects were more limited. Owing to

differences in the mechanisms of action of different types of

endogenous hormones and exogenous PGRs on seagrass growth

and physiology, there were significant interaction effect of PGRs

and RA on leaf growth rate (Supplementary Table S1), chlorophyll

fluorescence variables, and photosynthetic pigment content

(Supplementary Table S2) in TTFs (p < 0.05 or p < 0.01).
4.4 Problems and plans

The effects of exogenous PGRs on plant growth and development

are complex, and their regulatory effects can vary significantly

depending on factors such as application concentrations and

methods for different seagrass species. Therefore, the findings of

this study cannot blindly be extrapolated to seagrass species beyond

T. hemprichii. Furthermore, we cannot assume that the application of

PGRs will yield favorable results in all scenarios, such as ecological

restoration in intertidal seagrass meadows. Additionally, it is well

known that the effects of PGRs highly dose-dependent (Ren et al.,
Frontiers in Marine Science 11
2003; Balestri and Lardicci, 2006). For example, IAA typically

functions as a plant growth promoter at low concentrations but

can inhibit growth at high concentrations (Zhang et al., 2016).

Notably, this study represents a preliminary exploration of the

effects of three PGRs under specific conditions. A uniform dose (10

mg per incubator per month) was used, and the optimal dosage of the

PGRs was not investigated. Besides that, it is necessary to apply RT-

PCR or metabolomics to explore the molecular mechanisms

underlying the physiological effects of PGRs on seagrasses.

Therefore, rigorous long-term field trials and molecular mechanism

research are necessary to elucidate the effectiveness of these PGRs in

seagrass meadow ecological restoration practices.
5 Conclusions

We draw several noteworthy conclusions from this study. The

growth and physiological responses of TTFs exhibited varying

degrees of improvement following a single application of the

three PGRs. These improvements were generally consistent with

the functional expectations of the PGRs. This provides us with

confidence to continue the application of PGRs in seagrass meadow

restoration in the future. Moreover, the application of PGRs had

contrasting effects on the leaf length and width of TTFs. GA3

reduced the leaf width of T. hemprichii, resulting in an elongated

and streamlined leaf morphology, while PP333 reduced the leaf

length and enhanced the root vitality. This reduces the probability

of TTFs being washed away by currents or waves during high sea

state conditions and enhances their resilience to scouring. Finally,

the presence of RA had a positive effect on the growth and

physiological conditions of TTFs, underscoring the importance of

safeguarding this region when restoring damaged seagrass meadows

through rhizome fragment transplantation.
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Glendon, D. A., Ondrěj, N., Ales,̌ P., Jakub, R., Miroslav, S., John, E. E., et al. (2009).
Hormonal and cell division analyses inWatsonia lepida seedlings. J. Plant Physiol. 166,
1497–1507. doi: 10.1016/j.jplph.2009.03.009

Glenn, A. H., Kenneth, L. H., Adriana, V., Euan, S. H., Gary, A. K., Paul, S. L., et al.
(2016). Accelerating tropicalization and the transformation of temperate seagrass
meadows. Bio. Sci. 66, 938–948. doi: 10.1093/biosci/biw111
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