:' frontiers ‘ Frontiers in Marine Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Junhong Bai,
Beijing Normal University, China

REVIEWED BY
Patrick Biber,

University of Southern Mississippi,
United States

Jialiang Li,

Sichuan University, China

Bo Guan,

Ludong University, China

*CORRESPONDENCE
Weihua Guo
whguo@sdu.edu.cn
Lele Liu
liulele@sdu.edu.cn

SPECIALTY SECTION

This article was submitted to
Marine Ecosystem Ecology,
a section of the journal
Frontiers in Marine Science

RECEIVED 28 June 2022
ACCEPTED 28 July 2022
PUBLISHED 16 August 2022

CITATION

Wu'Y, Liu L, Yin M and Guo W (2022)
Phylogenetic relationship and soil
salinity shape intraspecific trait
variability of Phragmites australis in the
Yellow River Delta.

Front. Mar. Sci. 9:980695.

doi: 10.3389/fmars.2022.980695

COPYRIGHT
© 2022 Wu, Liu, Yin and Guo. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Marine Science

TyPE Original Research
PUBLISHED 16 August 2022
p0110.3389/fmars.2022.980695

Phylogenetic relationship and
soil salinity shape intraspecific
trait variability of Phragmites
australis in the Yellow River
Delta

Yiming Wu, Lele Liu*, Meiqgi Yin and Weihua Guo*

Key Laboratory of Ecological Prewarning, Protection and Restoration of Bohai Sea, Ministry of
Natural Resources, School of Life Sciences, Shandong University, Qingdao, China

Soil salinization has been one of the main causes of ecosystem degradation in
many estuarine wetlands under global climate changes, but it remains unclear
how salinization shifts the phenotypic variability and genetic diversity of the
foundation plant species in estuarine wetlands. To reveal the effects of
salinization on natural populations of foundation plant species, we
investigated the intraspecific variation of Phragmites australis using five
functional traits (shoot height, leaf length, panicle length, seed number per
panicle, and mass per seed) and ten microsatellite markers in the five sites
across the Yellow River Delta. The salinity was indicated by electrical
conductivity, and the reproductive strategy was estimated by the ratio of
panicle length to shoot height. The linear models showed that the shoot
height, leaf length, and panicle length had significantly negative correlations
to soil salinity, while the mass per seed had a significantly positive correlation to
soil salinity. However, there were no significant relationships between the seed
number per panicle or reproductive ratio and soil salinity. The genetic diversity
within populations was high in all sites (He > 0.5), but the genetic differentiation
between populations was very weak (Fsr from 0.0074 to 0.0212), which
suggested that there was a strong genetic flow among populations. Genetic
structure analyses showed two phylogenetic groups of P. australis distributed
in four of five surveyed sites across the Yellow River Delta. Our study also found
significant phylogenetic signals in the leaf length and mass per seed, suggesting
a substantial role of phylogenetic relationship (technically, neutral genetic
relatedness) in intraspecific variation and salt adaptation of P. australis. Our
study provides novel insight into the adaptative responses of the foundation
plant species to soil salinization from individual traits to population genetics
and offers significant implications for ecological restoration and adaptive
management of saline lands in estuarine wetlands.
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Introduction

Soil salinization is an increasingly serious problem due to
extreme drought events and sea-level rise caused by global
climate change and high-intensity land use (Yu et al, 2014;
Zhou et al., 2022). The area of saline land has increased from 800
million hectares in 1991 to about 1 billion hectares of soil
worldwide (Hopmans et al., 2021) and continues to expand at
a speed of 2.00x10° hectares per year (Abbas et al, 2013).
Estuarine wetland, one of the most sensitive ecosystems to
salinization, can provide protection from windstorms, fishery
production, biodiversity maintenance, and the prevention of
biological invasion (Barbier, 2013). Soil salinization has resulted
in vegetation decline, biodiversity reduction, and ecosystem
degradation in many estuarine wetlands worldwide (Day et al.,
2000; Herbert et al, 2015). Understanding the vegetation
response to soil salinization in estuarine wetlands is significant
for predicting the ecological effects of soil salinization and
making adaptive management of the estuarine wetland in
the future.

Soil salinization could directly affect the physiological
processes and deeply shift the ecological strategies of plant
individuals. There have been numerous methods to
characterize ecological strategies, such as the competitor,
stress-tolerator, ruderal (CSR) strategy (Grime, 1977), leaf
economics spectrum (Wright et al., 2004), reproductive
strategy (Doust, 1989), and seed size-number trade-off
(Venable, 1992). One of the most important dimensions of
reproductive strategy is that plants tend to allocate more
resources early to reproductive growth when the environment
becomes extreme (Metz et al., 2020). Seed size-number trade-off
suggested the plants could give their reproductive efforts to
provide large seeds that could allow them to have a high
survival probability in the stressful conditions under low
resource availability, or they could spread their reproductive
efforts among many small seeds to maximize adaptability or
dispersal under high resource availability or serious disturbance
(Coomes and Grubb, 2003). However, there are few studies on
plant ecological strategies under the influence of salinity
currently at a population level within species (Agrawal, 2020).

Genetic diversity, containing adaptive and neutral diversity
within populations or species, plays an important role in the
maintenance and adaptation of plants in different degraded
habitats (Holderegger et al., 2006). Most molecular markers
presently used in population genetics are usually considered
neutral, such as AFLPs (amplified fragment length
polymorphisms) and microsatellites. The neutral diversity can
demonstrate genetic processes, including gene flow and drift at
the population level (Holderegger et al., 2006), but it may also
indicate the natural selection when the neutral diversity is
observed to change with environmental factors because these
neutral loci could also be associated to adaptive traits or specific
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phylogenetic groups. Low genetic diversity is caused by genetic
drift and inbreeding, which usually symbolizes an unhealthy
population growth rate. A high level of genetic diversity can
ensure the adaptive potential of natural populations in the face
of rapidly changing environmental pressures. For example, the
research on Zostera marina suggested that a high level of genetic
diversity could enhance the resistance to disturbance (Hughes
and Stachowicz, 2004). The changes in genetic diversity under
environmental shifts can help reveal the potential driving forces
that promote population differentiation and adaptation, and
predict how the population responds to the changing
environment (Gao et al., 2012). Gene flow between
populations could reduce genetic differentiation. Recently,
phylogenetic analysis has been a popular method to link the
evolutionary process with the plant ecological features among
different species. The phenomenon that close phylogenetic
relatives have similar traits is usually termed the phylogenetic
signal of the traits (Blomberg and Garland, 2002; Collyer
et al., 2022).

Phragmites australis (Cav.) Trin. ex Steud. (common reed) is a
significant wetland foundation species widely distributed worldwide
(Eller et al., 2017). Phragmites australis has several distinct
phylogeographical groups (Saltonstall, 2016) and ploidy levels
ranging from 3x to 12x (Clevering and Lissner, 1999), which give
them a high adaptive potential to environmental shifts. As a
pseudohalophyte, P. australis could grow in freshwater and
slightly saline wetlands (Eller et al, 2017). High salinity usually
hinders the shoot growth, photosynthetic rate, and final total
biomass of P. australis (Achenbach et al., 2013; Naidoo, 2021). To
survive saline conditions, P. australis tends to allocate more
resources to reproductive traits to ensure their offspring’s survival
or escape (Meyerson et al, 2000; Farrer et al, 2021). The salt
tolerance of P. australis may be attributed to the geographic and
phylogenetic origin, but not the ploidy level (Achenbach et al., 2013;
Lambertini et al., 2020). However, little is known about how soil
salinization affects the intraspecific variation of P. australis
populations combined with different phylogenetic groups.

The Yellow River Delta is one of the three largest estuarine
deltas in China, located in the alluvial plain at the mouth of the
Yellow River, near the Bohai Sea. Salinization in the Yellow River
Delta has become a troubling issue due to seawater, groundwater
evaporation, and storm-tide disasters (Yu et al., 2014; Wang
et al., 2017). The Yellow River Delta has varied saline conditions
in the small-scale environment, and P. australis are widely
distributed in the Yellow River Delta, providing an ideal
system for salinization’s ecological effects on P. australis. The
previous studies have well documented the responses of P.
australis in morphological traits and genetic diversity
indicators to saline conditions (Guo et al., 2003; Gao et al.,
2012; Zhou et al., 2021). Our recent studies have indicated that
there are two distinct lineages (phylogenetic groups) of P.
australis, i.e., tetraploid lineage O and octoploid lineage P (Liu
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et al,, 2022b) in the Yellow River Delta, and lineage O might be
more tolerant to salinization (Liu et al., 2021b). However, these
studies reported few traits related to propagation, such as seed
size and number, and did not link the trait variability to genetic
relatedness between different genotypes.

In this study, we investigated functional traits and
microsatellites of P. australis in the Yellow River Delta to
uncover the following scientific questions: (i) how salinity
alters the trait trade-off strategies in natural P. australis
populations; (ii) whether the genetic diversity is related to soil
salinity; and (iii) whether the evolutionary history limits the
intraspecific functional trait related to salt adaptation. Our
research could help understand the evolutionary mechanism of
foundation plant species under soil salinization, and offer
implications for ecosystem conservation and restorations in
estuarine wetlands.

Material and methods
Field investigation and sample collection

In October 2020, five populations of P. australis in different
habitats were investigated in the Yellow River Delta (37.76°
-38.05°N, 118.67° -119.17°E) (Figure 1). We investigated about
20 P. australis shoots of each population and recorded the
habitat type and coexistence of plant species. To reduce the

10.3389/fmars.2022.980695

probability of sampling the same individuals, the distance
between sampled shoots was at least 50 m. We recorded the
geographical information of each shoot with a GPS instrument
and measured the soil electrical conductivity of each reed at a 5-
10 cm depth using an EC 110 Meter portable conductometer
(Spectrum Technologies, Georgia, America). A soil with EC
greater than or equal to 4 dS m™ at 25°C is defined as saline
soil (Richards, 1954).

We measured shoot height (SH) and leaf length (LL) for all
sampled shoots and panicle length (PL) for the shoots with
panicles. Shoot height was measured from the soil surface to
shoot tip point (usually panicle or leaf tip, sometimes stem tip).
We selected the largest leaf to measure LL from all complete,
healthy, and mature leaves for each shoot. In sites wu01 and
wu04, the seed number per panicle (SN) and mass per seed (SM)
were also estimated. We counted the seed number from about a
quarter of seed weight for each panicle to calculate SM and then
SN. A ratio of panicle length to shoot height was used to quantify
the reproductive allocation ratio (R). Leaves on the upper part of
each plant were harvested and placed in a plastic bag with silica
gel, and transported to the laboratory.

DNA extraction

DNA was extracted with the improved CTAB plant DNA
extraction method from leaves conserved in silica gel. Leaves

| Sall river?
(wu02)

Intertidal zone near river” "
(Wu05)

Iertdal zone
(wu04)

FIGURE 1
Map of Phragmites australis sites in Yellow River Delta.
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frozen in liquid nitrogen were ground into powder using 3 mm
steel beads in a JXFSTPRP-24 automatic sample rapid grinder
(Shanghai Jingxin Industrial Development Co., Ltd., Shanghai,
China). 900 UL of 65°C preheated 2% CTAB extract was added
to each tube, and the mixture was vortexed vigorously. Tubes
were incubated at 60°C for one hour and were put under vortex
movement every 15 min. These tubes were centrifuged at 12000
rpm for 30 seconds, and the supernatant was transferred to new
centrifuge tubes. 600 pL 25:24:1 phenol/chloroform/isoamyl
alcohol was added to each tube, and these were mixed slowly.
Then tubes were centrifuged at 12000 rpm for 10 min, and the
supernatant was again transferred to new tubes. An equal
volume of 24:1 chloroform/isoamyl alcohol was added to each
tube, and these were mixed slowly. Then tubes were centrifuged
at 12000 rpm for 10 min, and the supernatant was again
retained. Approximate 1.5 UL RNase was added to each tube
and kept at 37°C for one hour, followed by extraction with an
equal volume of 24:1 chloroform/isoamyl alcohol. Then tubes
were centrifuged at 12000 rpm for 10 min, and the supernatant
was again retained. About 0.6 volume of cold isopropanol was
added and mixed by inversion. These tubes were placed at room
temperature for 20 min for precipitation. After precipitation, the
tubes were centrifuged for 5 min at 10000 rpm, and the
supernatant was poured off carefully. Then the pellet was
washed twice using 600 pl cold 70% ethanol. After the pellet
was dried completely, it was suspended in 50-100 uL TE buffer
(or sterile water) and stored at - 20°C. Its quality was analyzed
with a 1% agarose gel electrophoresis and Micro-
Spectrophotometer (YIMA, Xi’an, China).

Microsatellite genotyping

To infer the lineages of sampled P. australis in a large
evolutionary background, we added the individuals from
Lianyungang (LYG) and Tangshan (TS) to our microsatellite
analysis, which were identified as lineage P for LYG and O for TS
with chloroplast fragments and nuclear microsatellites in a large
sample from China (Liu et al., 2022b). Ten pairs of primers
developed by Saltonstall (2003) and Yu et al. (2016) were used to
amplify the microsatellite polymorphism of P. australis (n = 96).
We used five primer sets (setl for PaGT4 and PaGT9; set2 for
PaGTI12 and PaGT13; set3 for PaGT14 and PaGT16; set4 for
PaGT21 and PaGT22; and set5 for Phra315 and Phra522), and
each forward primer had a fluorochrome tag (FAM, HEX, or
TAMRA) on its 5 tail. To ensure the method’s repeatability, 10%
of randomly chosen samples had two replicates—the reaction
volume and reaction procedure we used by Liu et al. (2022b).
Then the product was sequenced by the AB13730XL sequencer,
and the data file was imported into GeneMapper 2.2.0 for
allele identification.

To evaluate the genetic diversity, we calculated the number of
alleles (Na), Shannon’s information index (I), expected
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heterozygosity (He), and Bruvo distances using the R package
polysat (v1.7-5). The Fgr as the measure of differentiation
between population pairs was estimated using R package polysat.
Genetic structure was visualized by principal coordinate analysis
(PCoA) and hierarchical clustering with function cmdscale and
hclust in R software. A Bayesian clustering approach with
STRUCTURE 2.3.4 (Pritchard et al, 2000; Falush et al., 2007)
was used to assign individuals to clusters (K) based on their
genotypes. We used the admixture model and ran STRUCTURE
ten times for each K (from 1 to 7) with 20,000 burn-in iterations
followed by 100,000 Markov Chain Monte Carlo iterations. The
most likely K was inferred with the AK method of Evanno et al.
(2005) using the online tool structure harvest. Finally, the output
was averaged and visualized by CLUMPP and DISTRUCT 1.1.

Data analysis

The coefficient of variation (CV) was calculated to express the
variation between plant traits under variable electrical conductivity.
We performed Shapiro-Wilk test for normality of plant traits with
function shapiro.test in R package stats, and Levene’s test for
homogeneity of variance among different populations or lineages
with function leveneTest in R package car. Data were log-
transformed to achieve approximate normality if necessary. When
the data have approximate normality and equal variance, we used
one-way ANOVA with function aov in R package stats to test the
significant difference among different groups and then used the
Duncan post-hoc test to complete the multiple comparisons.
Otherwise, we used Kruskal-Wallis test to finish multiple
comparisons with function kruskal in R package agricolae. The
results of multiple comparisons were visualized by boxplots using R
package graphics.

To quantify the relationships between P.australis traits and
electrical conductivity, we performed a general linear model and
linear mixed model with R package nlme, and calculated the AIC,
R? and P of each model to determine which model’s description
was more appropriate. Spearman correlation analysis was
performed to test the relationships between each traits. The
output was visualized by the pheatmap function in the pheatmap
package of R. The trait records with missing values were deleted.
The relationship between electrical conductivity and genetic
diversity was performed by the general linear model, and the
fitting function was tested by joint hypotheses test and coefficient
of determination.

To determine the phylogenetic signals of continuous traits,
we calculated Pagel’s A (Pagel, 1999) and Blomberg’s K
(Blomberg and Garland, 2002) with R package phytools
(Revell, 2012). Brownian motion (BM) can represent the
random process of evolution and is applied as a random walk
model in these estimations. The A is a value between 0 and 1. 1 =
0 indicates no phylogenetic dependence, and A = 1 indicates that
trait variation depends on the phylogeny (Freckleton et al,
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2002). Blomberg’s K was tested with 10,000 randomization
simulations. K = 0 indicates no significant signal, and K> 1
suggests stronger similarities among closely related lineages than
expected under BM (Blomberg et al., 2003).

Results
Functional variation of P. australis

The soil electrical conductivity varied from 1.83 + 1.14 dS m™
(wu02) to 9.75 + 638 dS m™ (wu04) (dS m™, deciSiemens per
metre; 1 dS m™ ~ 0.55 ppt, as the main salt type is NaCl in the
Yellow River Delta). The reed stands in site wuOl resulted from
secondary succession from farmland abandoned due to a recent
storm surge several years ago and held at least nine plant species.
Site wu02 was a monodominant stand of P. australis with a
few Suaeda salsa individuals in a shallow river (abandoned course
of the Yellow River). Site wu01 and wu02 had slightly saline soils
(Table 1). The saline soils were found in site wu03 (meadow patches
in oil field) and wu05 (an intertidal zone near the Yellow River), and
the hypersaline soils were found in site wu04 (an intertidal zone
with Spartina alterniflora invasion) (Table 1). However, all sites had
large EC variances (Figure 1; CV of EC in Table 1).

There were significant differences in shoot height, leaf
length, reproductive allocation, and mass per seed among
populations (Figure 2; Table S1), but were no significant
differences in panicle length and seed number per panicle
(Figure 2, P > 0.05). Shoot height (175.95 + 45.11 c¢m) and leaf
length (26.40 + 8.28 cm) were highest in the slightly saline soils
(wu02) but lowest (118.65 + 43.69 cm, 17.75 + 6.73 cm) in the
hypersaline soils (wu04) (Figure 2). The panicle length ranged
from 18.53 + 526 cm (wu04, hypersaline soils) to 23.67 *
221 cm (wu02, slightly saline soils). In the wu02 population
(slightly saline soils), the reproductive allocation was the lowest
(0.11 £ 0.02), and in the wuO1 population (slightly saline soils)
was the highest (0.16 + 0.02) (Figure 2).

10.3389/fmars.2022.980695

The variation of shoot height was highest in the hypersaline
soil (Table 2, CVgy = 0.37 in wu04 population) but lowest in the
slightly saline soil (Table 2, CVgy = 0.16 in wuOl population).
The variation of leaf length was highest in the hypersaline soil
(Table 2, CVyr = 0.38 in wu04 population) but lowest in the
saline soil (Table 2, CVy; = 0.18 in wu05 population). The
variation of panicle length was highest in the hypersaline soil
(Table 2, CVpy, = 0.28 in wu04 population) but lowest in the
slightly saline soil (Table 2, CVpy, = 0.09 in wu02 population).

The general linear models across all sites showed that the soil
electrical conductivity was negatively correlated to shoot height,
leaf length, and panicle length but positively correlated to mass
per seed (Figure 3, P < 0.01). There was no significant correlation
between electrical conductivity and reproductive allocation or
seed number per panicle (Figure 3, P > 0.05). The general linear
models separately performed in 5 populations revealed some
conflicting results among sites (Figure S1), indicating a strong
site effect on the correlations between traits and salinity. The
linear mixed models with site as the random factor found the
positive correlations of EC to reproductive allocation (AIC =
-264.62) and to mass per seed (AIC = -58.95) but the negative
correlations to shoot height (AIC = 1049.47), leaf length (AIC =
678.68), panicle length (AIC = 390.14) and seed number per
panicle (AIC = 636.17) (Figure 4; Table S2).

According to Spearman correlation analysis between traits
(Figure S2), the shoot height of P. australis had the significant
positive correlations with the leaf length (r = 0.50, P < 0.001),
panicle length (r = 0.57, P < 0.001) and seed number per panicle
(r = 0.56, P < 0.01). The panicle length had the significant
positive correlations with the leaf length (r = 0.53, P < 0.001) and
seed number per panicle (r = 0.61, P < 0.001).

Genetic variation of P. australis

The number of alleles (Na) varied from 5.90 (wu03, saline
soils) to 9.00 (wu01, slightly saline soils). Shannon’s information

TABLE 1 The habitat information of sampled Phragmites australis populations in the Yellow River Delta.

Site Habitat ECmean CV Salinity Coexistence plant species
(dSm™) of
EC
wu0l Abandoned farmland after 2.05 1.02  Slightly Aeluropus sinensis, Suaeda salsa, Imperata cylindrica, Artemisia carvifolia, Sonchus
the storm surge saline brachyotus, Cynanchum chinense, Asteraceae Saussurea, Tamarix chinensis, Setaria viridis
wu02 Abandoned course of the 1.83 0.62  Slightly Suaeda salsa
Yellow River saline
wu03 Meadow patches in oil field 4.60 0.49  Saline Suaeda salsa, Suaeda glauca, Tamarix chinensis, Cynanchum chinense, Limonium bicolor,
Tripolium vulgare, Sonchus oleraceus
wu04 The intertidal zone with 9.75 0.65  Hypersaline Spartina alterniflora, Suaeda glauca, Tamarix chinensis, Limonium bicolor
Spartina alterniflora invasion
wu05 The intertidal zone near the 4.68 0.54  Saline Suaeda salsa, Tamarix chinensis, Tripolium vulgare

Yellow River

EC denotes electrical conductivity, CV denotes coefficient of variation.
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FIGURE 2

Plant functional traits (A, shoot height; B, leaf length; C, panicle

length; D, reproductive allocation, i.e., the ratio of panicle length to shoot

height; E, log-transformed seed number per panicle; F, log-transformed mass per seed) of Phragmites australis from different populations
Different letters represent significant differences. In the box diagram, the middle horizontal line is the median, and the box frame is the
interquartile distance (IQR). Each whisker extends to the furthest data point in each wing that is within 1.5 times the /QR, data points further than
1.5/QR are marked with a dot. ns represents no significance; - P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001.

index (I) varied from 2.94 (wu02, wu03, wu04, and wu05) to 3.00
(wuO1, slightly saline soils), and the expected heterozygosity
(He) varied from 0.56 (wu03, saline soils) to 0.70 (wu02 and
wu04) (Table 2, Figure S3). There were no significant
correlations between genetic diversity indicators and soil EC
(Figure S3). Pairwise genetic differentiation (Fsy) values ranged
between 0.0074 (wu0l and wu02) and 0.0212 (wu03 and
wu04) (Table 3).

The first and the second axes of PCoA explained 21.52% and
8.72% of the total variance. The PCoA showed two clusters
separated by the first axis (Figure 5A). The UPGMA clustering
and Bayesian methods also supported these two genetic clusters
(Figures 5B-D). Since the LYG and TS populations used in this
study were regarded as the lineage P and O, respectively, the two
genetic clusters in the Yellow River Delta were reasonable to be
inferred into these two lineages. According to the results of these
three methods, we determined 77 genotypes of lineage O and 19
genotypes of lineage P in populations from the Yellow River

Delta. There were no significant difference of soil EC between
two lineages (t-test, P = 0.188).

Phylogenetic signal of P. australis traits

According to the Pagel’s A, the leaf length had a significant
phylogenetic signal (A= 0.639, P < 0.05), the mass per seed had a
marginally significant phylogenetic signal (A = 0.488, P = 0.069).
Shoot height, panicle length, reproductive allocation, and seed
number per panicle did not have any phylogenetic signal
(Table 4). The Blomberg’s K demonstrated that the leaf length
and mass per seed had a significant phylogenetic signal (K >
0.80, P < 0.05), but other traits did not (Table 4). In addition,
lineage O has a larger panicle length and a larger seed number
per panicle but a lower mass per seed than lineage P (Figure 6;
Table S3). The leaf length of lineage O was marginally smaller
than lineage P (Figure 6B; P = 0.072).

TABLE 2 Phenotypic variation and genetic diversity of Phragmites australis populations.

Site N n CVgy CVyr
wu01 21 20 0.16 0.25
wu02 20 19 0.26 031
wu03 20 19 0.20 0.22
wu04 20 19 0.37 0.38
wu05 25 19 0.23 0.18

CVpy, Na 1 He
0.15 9.00 3.00 0.68
0.09 8.80 2.94 0.70
0.25 5.90 2.94 0.56
0.28 8.10 2.94 0.70
0.15 8.40 2.94 0.66

N denotes the number of total surveyed samples in the field, n denotes the number of genotyped samples with nuclear microsatellites, CVgyy denotes the coefficient of variation of shoot
height, CV . denotes the coefficient of variation of leaf length, CVp; denotes the coefficient of variation of panicle length, Na denotes the number of alleles, I denotes Shannon’s information

index, He denotes the expected heterozygosity.
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Discussion

Functional response of P. australis to soil
salinization

Consistent with the previous study in the Yellow River Delta
(Zhou et al., 2021), P. australis in the saline habitats is likely to adopt
a stress-tolerator strategy that plants reduce shoot height
(Figure 3A), leaf size (Figure 3B), and other morphological traits
to survival in stressful environments. The study in perennial grass
Lolium perenne revealed that frost-and drought-sensitive
populations had high growth rates, wide leaves, and erect growth
habits, which helped them deal with interspecific and intraspecific
competition in suitable conditions (Dolferus, 2014), and similar
trade-off between salinity tolerance and competitive ability also
exists in P. australis (Qi et al., 2018; Zhou et al., 2021). Competitor
strategy that plants invest more resources in the rapid growth of
large organs to outcompete neighbors is advantageous in highly
productive habitats with low stress and disturbance (Vasseur et al.,
2018). In the recently abandoned farmland (site wu0Ol), the
interspecific competition might be the main biological pressure,
since there were many other plant species (Table 1) and the P.
australis stands were preliminarily established after the recent storm
surge. In other sites, the environmental filtering might be the key
driver shaping the community assemble and trait variation.
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length to shoot height; E, seed number per panicle; F, mass per seed) and soil electrical conductivity across five populations based on

Besides tolerant and competitive traits, reproductive traits
also play a significant role in the functional responses of plants to
soil salinization. Perennial plants usually give priority to sexual
reproduction in variable and stressful environments (Yang and
Kim, 2018), but the relationship between salinity and
reproductive allocation was not significant in the sampled P.
australis populations (Figure 3D). Sexual reproduction is
considered uncommon in mature reed beds, but it seems
crucial for the establishment in new sites (Albert et al., 2015).
Rhizome-based asexual reproduction allows plants spread
rapidly and farther (Douhovnikoff and Hazelton, 2014).
However, our study found a seed size-number trade-off: the
panicle length and seed number were decreased with salinization
(Figures 4C, E) while the mass per seed increased (Figure 4F).
Smaller seeds can save the cost of high seed production, but
seedlings from larger seed plants have more competitiveness
(Jakobsson and Eriksson, 2000; Leishman, 2001). Our results
suggested that the reproduction investment of P. australis was
used to provide large seeds that could tolerate saline habitats and
ensure a high survival probability in extreme conditions.

Although soil salinization is dynamic over time and depth,
our data showed significant correlations between functional
traits and one-time measurement of topsoil EC with a probe
method. On the one hand, the results suggest the functional
response of P. australis is so robust that the measurement
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Relationships between Phragmites australis traits (A, shoot height; B, leaf length; C, panicle length; D, reproductive allocation, i.e., the ratio of
panicle length to shoot height; E, seed number per panicle; F, mass per seed) and electrical conductivity in five populations based on linear

mixed models with the random factor of site.

uncertainty of EC in our study cannot affect the statistical results.
On the other hand, there might be a significant correlation
between soil ECs in different depths and stages. Previous
investigations of soil salinity in the Yellow River Delta have
well documented the significant positive correlation in soil
salinity between different soil depths (Yu et al, 2014; Wang
et al,, 2017). Since the elevation in natural micro-topography is
the major factor in soil salinity at the fine scale (Wang et al.,
2017), the rainfall or tidal inundation might not change the
difference among different sites over time. The coexistent plant
records near every sample also support the reliability of our
salinity estimations. For example, in site wu01, nine coexisting
plant species were observed, but Suaeda salsa was almost the
only coexistent plant where the EC was higher than 1.00 dS m™".
However, continuous observation in multiple depths and

composition analysis of salt ions are needed for the further
understanding of the mechanisms underpinning the functional
response of wetland plants to different salinization conditions.

Genetic diversity of P. australis under soil
salinization

The neutral genetic diversity can demonstrate processes such
as natural selection, migration, and dispersal (Holderegger et al.,
2006). In the previous studies, there was a high genetic diversity
within P. australis populations in the Yellow River Delta (Gao
etal, 2012; Liu et al,, 2021b). We also found a very high level of
genetic diversity in all populations except the population in the
oil field (site wu03) and no significant relationships between the

TABLE 3 Pairwise genetic differentiation (Fs) matrix between five Phragmites australis populations.

wul1 wul2
wu01 0
wu02 0.0074 0
wu03 0.0168 0.0203
wu04 0.0085 0.0093
wu05 0.0108 0.0086
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wu03 wul4 wul5
0

0.0212 0

0.0188 0.0142 0
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Microsatellite-based genetic structure of Phragmites australis populations in the Yellow River Delta, Lianyungang (LYG, lineage P), and Tangshan
(TS, lineage O). (A) Principal coordinate analysis. (B) UPGMA clustering. Blue indicates lineage P, and orange indicates lineage O. (C) AK-value at
different K. (D) STRUCTURE plot at K = 2. A thin line depicts each individual, and its color depends on its partitioning into the K clusters.

genetic diversity and salinity. The low genetic diversity of P.
australis in site wu03 might be the very strong selection of
genotypes due to the high-intensity disturbance in saline
habitats during the oil production activities. Soil
contamination from oil pollutants and drilling muds are well
known to have negative impacts on plant and animal growth and
survival, including reproductive investments. The intermediate
disturbance might increase the genetic diversity by providing
chances for external seed establishment, but extreme
disturbance, stressful conditions or their combination could
prevent the establishment of some sensitive genotypes (e.g.,

lineage P in wu03). Combined with previous studies, we could
conclude that P. australis could always keep a high genetic
diversity level under habitat fragmentation (Liu et al., 2021a),
annual winter mowing (Kuprina et al., 2022), human
management (Paul et al.,, 2011), and hydrographic
modification (Naugzemys et al., 2021), but the synergistic
impacts of natural stressors and human disturbances might
impair the genetic diversity of P. australis populations.
Although our results did not find a significant relationship
between genetic diversity and soil salinity due to the limited
population size, previous studies found high salinity could

TABLE 4 Phylogenetic signals of functional traits in Phragmites australis traits.

Traits Pagel’s 4 Blomberg’s K
A Py, - ) K P

Shoot height <0.001 1.000 0.63 0.409
Leaf length 0.639 0.031 0.83 0.002
Panicle length 0.202 0.362 0.82 0.082
Reproductive allocation <0.001 1.000 0.70 0.674
Seed number per panicle 0.204 0.477 0.85 0.251
Mass per seed 0.488 0.069 0.98 0.028

Pagel’s A was estimated by phylogenetic generalized least square (PGLS) models. A = 0 indicates no phylogenetic dependence, A = 1 indicates that trait variation totally relies on phylogeny. P
( = o) represents the P value for A = 0. Brownian motion (BM) is an example of a random process of evolution. K = 0 indicates no significant signal, 0 < K < 1 indicates that the phylogenetic
signal is less conserved than expected under BM, K = 1 indicates that the phylogenetic signal is as conserved as expected under BM. P < 0.05 represents the phylogenetic signals have a

significant difference.

Frontiers in Marine Science 09

frontiersin.org


https://doi.org/10.3389/fmars.2022.980695
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wu et al. 10.3389/fmars.2022.980695
A ns B C * a b
300 B — — s
250 - o % ! i 307 '
—— 30 ! i 25 :
= i 1 — \ —_
5 20 : _ E - 5 5 E =
Pl B | = = |en] L =
100 | T 54 ' - —
i o
50 —— - 107 L o 1 :
T T T T T T
o P o P o P
D E ., F .
ns a b b a
020 4 - : 40 : 04 i
! : 38 : —_ 5057 —
> 36 1 E 06 -
i ! 32 4 i 5 0.8 ; —
0.10 : . a0 —_ : 09 ;
— : R 1.0 1
T T T T T T
o P o P o P
FIGURE 6

Plant functional trait comparisons (A, shoot height; B, leaf length; C, panicle length; D, reproductive allocation, i.e., the ratio of panicle length to
shoot height; E, log-transformed seed number per panicle; F, log-transformed mass per seed) between lineage O and P of Phragmites australis.
Different letters represent significant differences. In the box diagram, the middle horizontal line is the median, and the box frame is the
interquartile distance (IQR). Each whisker extends to the furthest data point in each wing that is within 1.5 times the /QR, data points further than
1.5 IQR are marked with a dot. ns represents no significance; - P < 0.1; *P < 0.05; **P < 0.01.

decrease the genetic diversity of P. australis in the Yellow River
Delta (Guo et al., 2003; Gao et al., 2012). The selection target has
been identified as the homozygote of allele 203 at locus PaGT9
(Gao et al,, 2012) and the tetraploid lineage O (Liu et al.,, 2021b).
In this study, the PCoA and Fgy results suggested little
differentiation and frequent gene flow between populations
(Figure 5, Table 3), suggesting that there are few gene
exchange barriers among populations in the Yellow River
Delta and all populations might constitute a single
metapopulation, which is similar to that found in the southern
Baltic Sea (Kuprina et al., 2022). The mixed populations with
two lineages also supported that limited diffusion might unlikely
lead to the spatial genetic structure of P. australis population in
the Yellow River Delta.

Phylogenetic conservatism of
P. australis traits

Niche conservatism and adaptive radiation play a central
role in ecological diversification, and these two processes can be
regarded as both ends of the spectrum for phenotypic evolution
(Ackerly, 2009; Miunkemiiller et al., 2012). Niche conservatism
represents a process of slow evolution, and adaptive radiation
represents a process of rapid adaptation to environmental shifts.
The phylogenetic conservation of plant traits such as leaf size
and seed mass has been well analyzed among different species
(Ackerly, 2009; Zanetti et al., 2020; Liu et al., 2022a), but to the
best of our knowledge, our study is one of the first studies to
apply the phylogenetic approach for trait evolution among so
closely related lineages within a species (Agrawal, 2020). Within
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P. australis, we found a significant phylogenetic signal of the leaf
length and the mass per seed (Table 4). There are many
challenges for the interpretation of this method within species.
The first concern is the certainty of our phylogenetic trees
because it is a more difficult task to reconstruct phylogenetic
history at lower taxonomic levels. The frequent, even free, gene
communications among different individuals will mislead the
phylogenetic reconstruction and alter the evolutionary
implications of phylogenetic signal analysis at the individual
level. Nevertheless, it could be a possible alternative to
population Qst-Fst comparison when not enough samples are
available, or populations are hard to define.

Phylogenetic conservatism of leaf length and the mass per
seed might be mainly ascribed to the genetic differentiation
between two lineages of P. australis. The ploidy difference has
hindered the hybridization and introgression between these two
lineages (Liu et al, 2022b), and the adaptive gene related to
functional traits might also be fixed in a specific lineage (Gao
et al,, 2012; Liu et al.,, 2021a). The larger leaf length and seed
mass of lineage P provided more evidence for the phylogenetic
conservatism of leaf length and the mass per seed. The result of
leaf length comparison is well consistent with our observation in
the common garden (Liu et al., 2021b), which highlights the role
of genetic factors in intraspecific variation of leaf size in the
natural populations of P. australis. Previous studies suggest that
lineage O of P. australis is more salt tolerant than lineage P
(Lambertini et al., 2020; Liu et al., 2021b), but our study revealed
that lineage P has a larger mass per seed which might facilitate its
offspring survival and growth in saline conditions. Seed
germination experiments for genotypes from two lineages are
needed for screening genetic candidates for survival in higher
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salinity conditions. However, the effect of phenotypic plasticity
cannot be ignored in the natural variation of plant traits at the
individual level (Agrawal, 2020). The high level of phenotypic
plasticity of both lineages allows them to survive in different
saline habitats across nearly all sites in this study.

Conclusions

Our study revealed the high functional and genetic variation of
P. australis in different saline habitats of the Yellow River Delta. The
results indicated that salinization could reduce the vegetative
growth but increase investment in some reproductive traits like
mass per seed to ensure the seed vigor in stressful habitats.
Moreover, the phylogenetic signal of mass per seed implied a
phylogenetic limitation on salt adaptation due to the strong
fixation of functional traits related to salt tolerance in P. australis
lineages. Our study provides novel insights into the adaptation of P.
australis to soil salinization from the aspects of traits, genetics, and
phylogeny, and could be helpful in restoration management in
estuarine wetlands under global environmental changes.
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