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Abstract

e Morphological and ecological differences of two forms of Helosciadium repens are

known and described in the literature: aquatic and terrestrial. However, their taxo-
nomic status is currently unknown. The question whether they are genotypically
adapted to specific environmental conditions or are those differences a result of
phenotypic plasticity is addressed in this study.

SSR and ISSR data were used to uncover genotypic differences. Data from drought
stress experiments (system water content and relative water content of leaves)
were used to evaluate the response to water as an environmental factor. The sto-
matal index of both forms grown under different water treatments was analyzed.
The principal component analysis of the ISSR data revealed no clustering that
would correspond with ecotypes. The diversity parameters of the SSR data
showed no significant differences. The aquatic populations showed a tendency
toward heterozygosity, while the terrestrial ones showed a bias toward homozy-
gosity. Both forms responded similarly to the changes in water availability, with
newly produced leaves after drought stress that were better adapted to repeated
drought stress. Stomatal indices were higher in plants from aquatic habitats, but
these differences disappeared when the plants were grown in soil.

The observed responses indicate that the differences between forms are due to

phenotypic plasticity.
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1 | INTRODUCTION

Most organisms exhibit different phenotypes in response to differ-
ent environmental factors (Xue & Leibler, 2018). Heterophylly in
Neobeckia aquatica (Eaton) Greene in response to the temperature
and submergence (Amano et al., 2015) and Arabidopsis thaliana as
a response to light (Mishra et al., 2012) are only two of many ex-

amples that can be found in the plant kingdom. Even metabolic

creeping marshwort, ecotypes, fingerprinting, genetic differentiation, Helosciadium repens,

changes in the form of carbon fixation can occur such as in the case
of Mesembryanthemum crystallinum L. (Tallman et al., 1997). These
responses are all considered to be evolutionary strategies for adapt-
ing to variable environments (Xue & Leibler, 2018). In some extreme
cases such as in Pinus sylvestris L., the high spectrum of phenotype
variability led to the assignment of various names currently recog-
nized as synonyms (The Plant List, 2013). Contrarily to the charac-
teristics, which justify taxa levels, those apparent morphological
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FIGURE 1 Terrestrial and aquatic
forms of Helosciadium repens (a) terrestrial
form at the natural site, (b) aquatic form at
the natural site, (c) leaf of terrestrial form,
(d) inflorescence of the terrestrial form,
and (e) leaf of the aquatic form
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differences are nonpermanent and disappear when the plants grow
under the same conditions.

Helosciadium repens (Jacq.) W.D.J. Koch (Apiaceae) (Figure 1)
is a small perennial herb, growing on alternating wet pastures, lit-
toral zones of trenches and springs (Weber, 1995), and along or in
slow running streams (pers. observation). Two forms are known and
described from the literature (Casper & Krausch, 1981; Hacker,
Voigtlander, & Russow, 2003; NLWKN, 2011; Voightlander & Mokhr,
2008). The terrestrial (hereafter Terr) form is hemicryptophytic and
grows leaves with a length between 10 and 30 cm (Oberdorfer,
1983; Schubert & Vent, 1994). Their stolons can grow to a length
between 20 and 30 cm and can as such colonize open patches very
quickly (Hacker et al., 2003). The flowers are arranged in an umbel
and produce nectar and a schizocarp fruit which releases two seeds
per flower (East, 1940; Frank & Klotz, 1990; T. Herden, M. Bonisch, &
N. Friesen, unpublished data; Klotz, Kiihn, & Durka, 2002; NLWKN,
2011). Helosciadium repens also build up soil seed banks (Burmeier &
Jensen, 2008). According to the database BIOLFLOR (Frank & Klotz,
1990), H. repens can self-fertilize. They, however, cite East (1940) as a
reference for this statement. Upon further investigation, we uncover
that East (1940) stated that little is known about the self-fertilization
in this taxon (applying to Umbelliferae) and did not mention H. repens
at all.

The hydrophytic populations or aquatic form (hereafter Aqu) can
be occasionally found in Southern Germany, Bavaria (pers. observa-
tion). The aquatic form tends to exhibit vegetative growth only and
does not produce flowers (Casper & Krausch, 1981; Schossau 2000
cited in Hacker et al., 2003; NLWKN, 2011). They can grow leaves up
to 40 cmin length (Casper & Krausch, 1981), can colonize waterbod-
ies up to a depth of 60 cm, and their stolons can grow up to a length
of 150 cm (Voightlander & Mohr, 2008). They stay immotile due to

their roots anchored on driftwood, tree roots, or other aquatic veg-
etation. The plants do not root in the substrate (pers. observation).

There is scarce information on the two different manifestations
in the literature. However, when mentioned, authors address both
appearances as different forms of the species, and do not specify
what the word “forms” means in the corresponding context (Casper
& Krausch, 1981; Hacker et al., 2003; NLWKN, 2011; Voightlander
& Mohr, 2008). Whether they are genotypically adapted to specific
environmental conditions or a result of phenotypic plasticity is thus
still unknown. T. Herden, M. Bonisch, & N. Friesen (unpublished
data) analyzed 27 populations of H. repens in Germany with SSRs and
found only low levels of variation within the analysed markers. There
we found no genetically based separation into a Terr or Aqu cluster,
suggesting differences due to phenotypic plasticity. However, our
sample set was not aimed to address the taxonomic status of both
forms. The ecotype hypothesis cannot be excluded based only on
these results. Markers may fail to detect quantitative variation for
adaptively important traits (Bekessy, Ennos, Burgman, Newton, &
Ades, 2003; McKay & Latta, 2002).

If both forms appear to be ecotypes, it can have consequences
on the conservation management. Ex situ conservation management
for aquatic forms needs to be adapted as well as conservation at
the natural sites. Additionally, this information might be interesting
for plant breeders as both ecotypes may harbor specific traits of
interest.

This comparison study aimed to answer the question of the taxo-
nomical status of both forms by using simple sequence repeats (SSR)
and intersimple sequence repeats (ISSR) data on a balanced sample
set.

Additionally, the adaptation of both forms to drought stress was
studied by measuring the relative water content (RWC) of leaves,
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TABLE 1 Provenances of the analysis populations (modified after T. Herden, M. Bénisch, & N. Friesen (unpublished data))

Lab-ID GE-Sell ID State
1R MV-GC-20120912-1400 MV
5R MV-DS-20131029-1030 MV
8R NRW-DB-20150818-1831 NW
9R NI-OM-20150812-0955 NI
10R SH-TIV-20150902-0900/0910/0920 SH
12R Bbg-SE-20150723-1634 BB
16R BY-GAP_FARC-20151021-1004 BY
18R BY-KEH_NIED-20150908-1005 BY
19R BY-KF_KAUF-20150814-1012 BY
20R BY-LL_BISC-20160828-1022 BY
21R BY-MB_TRAC-20150811-1002 BY
22R BY-MB_TRIN_20150802-1003 BY
24R BY-MN_SALG-20150804-1019 BY
25R BY-MUE_MARS-20150829-1027 BY
27R BY-TS_WINK-20151114-1001 BY

District Commune Form
Demmin Meesiger Terr
Miritz Alt Schwerin Terr
Paderborn Delbriick Terr
Diepholz Hide Terr
Pl6n Blekendorf Terr
Havelland Seeblick Terr
Garmisch-Partenkirchen  Farchant Aqu
Kelheim Langquaid Terr
Kaufbeuren Kaufbeuren Aqu
Landsberg am Lech DieBen am Aqu
Ammersee
Miesbach Fischbachau Aqu
Miesbach Kreuth Aqu
Unterallgdu Salgen Aqu
Muhldorf a. Inn Maitenbeth Aqu
Traunstein Ubersee Terr

Notes: GE-Sell ID = reference IDs used in the project GE-Sell, states = federal states of Germany (BB = Brandenburg, BY = Bavaria,
MV = Mecklenburg-West Pomerania, NI = Lower Saxony, NW = North Rhine-Westphalia, SH = Schleswig Holstein, ST = Sachsen Anhalt), form = form

of H. repens (Terr—terrestrial; Aqu—aquatic).

system water content, and water loss during drought stress con-
ditions. The stomatal index (SI) was measured for different water
treatment levels. A small scale experiment was set up, to determine

whether H. repens is capable of self-fertilization.

2 | MATERIAL AND METHODS

2.1 | Genetic analysis

2.1.1 | SSR analysis

SSR or microsatellites are short stretches of repeated short nucleo-
tide motifs. These motifs typically consist of mono-, di-, and tri-nu-
cleotides, but even longer ones can be found. The repetitions of the
motifs are mainly <100 base pairs (bp) long and can be found in all
genomes (Tautz, 1989). They can show side-specific length varia-
tion because of the occurrence of different numbers of repeat units
(Morgante & Olivieri, 1993). Most of these length differences are
caused by the slippage effect during replication and accumulate over
time (Tautz & Schlétterer, 1994). Using the polymerase chain reac-
tion (PCR), with specific primer pairs flanking a specific microsatel-
lite, it is possible to amplify and measure the exact bp length of a
microsatellite. SSR markers are considered to be a reliable system for
diversity studies as they are codominant and multiallelic (Baldwin,
Pither-Joyce, Wright, Chen, & McCallum, 2012; Fu, Kong, Yingxiong,
& Cameron, 2005; Geethanjali, Anitha Rukmani, & Rajakumar,
2018; Park, Lee, & Kim, 2009; Yasodha et al., 2018). They are neu-
tral markers and are thus usually not subjected to natural selection
(Holderegger, Kamm, & Gugerli, 2006; Kimura, 1983).

The data from T. Herden, M. Bénisch, & N. Friesen (unpublished
data) were evaluated to investigate genetic differences between Aqu
(16R, 19R, 20R, 21R, 22R, 24R, and 25R) and Terr (1R, 5R, 8R, 9R,
10R, 12R, 18R, and 27R) populations (Table 1). Counts for allelic rich-
ness, fixation index (F-Index), inbreeding coefficient Fis,
leles, rare alleles, single locus genotypes (SLG), multilocus genotypes

private al-

(MLG), and numbers of alleles were taken from the data analysis of
T. Herden, M. Bonisch, & N. Friesen (unpublished data) (Table S2).

2.1.2 | ISSR analysis

Intersimple sequence repeats (ISSR) are regions between micros-
atellite loci. In a PCR, only one primer containing an SSR motif is
used, which amplifies multiple fragments with various length (Reddy,
Sarla, & Siddig, 2002; Zietkiewicz, Rafalski, & Labuda, 1994). Only
regions between adjacent, inversely oriented SSRs are thus ampli-
fied (Zietkiewicz et al., 1994). Usually, the PCR products are visual-
ized on an agarose gel, and the banding pattern is transformed into
a binary matrix. Every band is treated as a single trait. By analyzing
the matrix, kinship relations can be computed. Polymorphism can be
detected due to mismatches in the priming site (changes in the SSR
where the primer binds) or differences in length of the amplified se-
quences (Zietkiewicz et al., 1994). This method has been widely used
for decades in population genetic studies and studies to character-
ize genetic divergence among species (Andiego et al., 2019; Kumar,
Mishra, Singh, & Sundaresan, 2014; Reddy et al., 2002; Schlotteréer,
Amos, & Tautz, 1991; Zietkiewicz et al., 1994).

DNA isolates were taken from T. Herden, M. Bonisch, & N. Friesen

(unpublished data). An agarose gel documentation with 47 lanes was
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used. Three individuals from each population (eight Terr—1R, 5R, 8R,
9R, 10R, 12R, 18R, and 27R and seven Aqu populations—16R, 19R,
20R, 21R, 22R, 24R, and 25R) were chosen for further investigation
(Table 1). The isolated DNA was used directly in a PCR with 10 ul
Biozym red HS Tag master mix (Biozym Scientific GmbH), 1 ul of cor-
responding primer (Table S1), and 1 ul DNA template in a final volume
of 20 upl. PCR products were checked on an agarose gel. The bands
were scored independently as either present (1) or absent (0) and sum-
marized in a matrix. Polymorphism information content (PIC) values
were calculated using the formula described previously in Roldan-
Ruiz, Dendauw, Bockstaele, & Depicker, 2000. A principal component
analysis (PCA) was performed using the function dudi.pca from the R
package ade4 (Bougeard & Dray, 2018; Chessel, Dufour, & Thioulouse,
2004; Dray & Dufour, 2007; Dray, Dufour, & Chessel, 2007).

2.2 | Self-fertilization test

Plants from two populations that were currently available (nine indi-
viduals from 9R and nine from a population from Austria) were pot-
ted in trays. These were then isolated from potential pollinators using
transparent plastic hoods with Drosophila impermeable mesh for air-
flow. One control from each population was potted outside of the
isolation hoods. The isolated individuals were pollinated by hand with
their pollen. At the end of their vegetation period, the seeds were col-

lected. Seeds were drawn randomly for germination tests.

2.3 | Dry stress experiment

Stolons from 15 Terr plants (population 9R) were potted in 10 x 10 cm
pots (the stolon was approximately 5 cm long with two leaves).
For substrate, 173 g of “Einheitserde Special” (Einheitserdewerke
Werkverband e.V., Sinntal-Altengronau, Germany) was used. Plants
were grown for three weeks in a greenhouse to ensure that they have
rooted successfully. During that time, all pots stood in trays filled with
water to ensure that they were watered to their maximum water ca-
pacity. They were treated with extra light using one unit of the KIND
LED L600 grow light (Santa Rosa, CA), until the start of the experiment.
All plants were weighted (system water content (SWC) = weight of
soil, pot, and plant) just before they were put into a climatic chamber
(maximum run time for every run: 20 days, day temperature: 33°C;
night temperature: 22°C; light: 14 hr; dark: 10 hr; rel. humidity >80%).
The pots were weighed daily during the runs. During the experiment,
the pots were not watered. To ensure that all plants grew under the
same condition, the pots' positions in the chamber rotated every day.
If plants lost all their leaves due to wilting, they were taken out of the
chamber and watered immediately to their maximum water capacity,
to prevent the loss of study material.

All plants recovered during a recuperation period of three weeks in
the same greenhouse conditions as mentioned above. The experiment
was then repeated with the same plants to assess potential adaptation.

The same experiment was conducted with plants from Aqu pop-
ulations (population 16R, 22R, 24R), which were grown in soil for
a time period of one year. For that, five individuals were collected
at three natural sites (with the maximum distance between each

Ecology and Evolution . Jﬁ
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sample) and cuttings were used in the experiment. For every plant,
the results were statistically evaluated by one-way analysis of vari-
ance (ANOVA), using the software R (R Core Team, 2017).

At the beginning of each run, one leaf from every plant was used
to measure the RWC. For that, the weight (W) of a freshly harvested
leaf was measured and put in a 50-ml centrifuge tube with 5 ml of
distilled water for rehydration. As Arndt, Irawan, and Sanders (2015)
already indicated, rehydration by floating leads to erroneous RWC
estimates. Therefore, the leaves were put petiole first in the distilled
water, making sure that the water level did not reach the lowest pair of
leaflets. They were rehydrated for three hours in darkness under room
temperature conditions, and the turgid weight (TW) was measured af-
terward. All leaves were left in a dry chamber with 10% relative air
humidity overnight and weighted afterward to measure the dry weight
(DW). The RWC was calculated using the formula of Weatherley
(1950). The measurement was also carried out with leaves that exhibit
a complete loss of turgor pressure. The system water loss (SWL) was
calculated (SWL = (1 - SWC,,/SWC,, ) x 100).

Tests for significance were made with the geom_signif function

start:

using the R package ggplot2, and plots were drawn using the func-
tion ggplot from the R package ggplot2 (Wickham & Chang, 2018).

2.4 | Stomatal index

To estimate the SI, nail polish impressions from the epidermis were
made (as described in Miller & Ashby, 1968) from plants cultivated ex
situ in the Botanical Garden of Osnabrueck, Germany. Ten impressions
from the upper surface were made from all leaflet pairs of a leaf, to test
whether there are significant differences between each leaflet pair.
The same was done for the lower leaf surface. Pictures of impressions
were made using a transmitted light microscope under 400x magnifi-
cation. Stomata counts (SC) and epidermis cell counts (EC) were quan-
tified (guard cells were treated as a part of the stomatal apparatus).
The observed surface area was measured (A), and the stomatal den-
sity (SCD), as well as the epidermal cell density (ECD), was calculated.
Three pictures were taken from every leaflet pair, and the quantifica-
tions of the SC and EC were averaged. The Sl was calculated for every
leaflet pair using the equation from Salisbury (1928).

The Sl was calculated for two different water treatment levels for
every form: Terr—terrestrial form growing in pots with drainage with
local weather conditions, T-Wet—terrestrial form watered to their
maximum water capacity, Aqu—aquatic form growing under aquatic
conditions, and A-T—aquatic form potted in soil and growing under the

same conditions as T-Wet.

3 | RESULTS
3.1 | Genetic analysis

3.1.1 | SSR analysis

There were no significant differences in the numbers of MLG, SLG,
alleles, allelic richness, rare alleles, and private alleles between Terr
and Aqu plants (Figure 2a-d,g,h). As T. Herden, M. Bonisch, & N.
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FIGURE 2 Comparison between aquatic and terrestrial populations of Helosciadium repens in Germany using diversity parameters from
the SSR analysis. (a) Numbers of multilocus genotypes, (b) numbers of genotypes, (c) numbers of alleles, (d) allelic richness, (e) inbreeding
coefficient F,-Index, (f) fixation index F, (g) counts of rare alleles, and (h) counts of private alleles. Asterisks are indicating significance levels

Friesen (unpublished data) showed, there is no genetically based
separation into a Terr or Aqu cluster. However, there were significant
differences (p < .01) in the F- and F,-Indices between both forms.
The F-Index values for the Aqu populations were mostly nega-
tive indicating an excess of heterozygosity. There were only three
populations (20R, 22R, and 16R) with positive values. Most of the
Terr populations had positive F-Index values indicating an excess of
homozygosity. Only five populations (2R, 10R, 11R, 12R, and 18R)
showed negative values (Figure 2e). The same was true for F,_-Index
values (Figure 2f). Only two Aqu populations had positive values
(20R and 22R) and one exhibited a F;-Index value of zero (23R). Five
Terr populations (3R, 10R, 11R, 12R, and 18R) had negative values
(Table S2). The rest of the Terr populations exhibited positive F,.-

Index values.

3.1.2 | ISSR analysis

Only eight out of 26 tested ISSR markers produced evaluable poly-
morphic bands. A total of 108 bands were amplified out of which
64 were polymorphic, and 42 were monomorphic bands (Table S1).
The percentage of polymorphic bands (P%) per primer ranged from
77.8% in UBC813 to 38.9% in UBC834. The average percentage of

the polymorphic band was 60.7%. PIC values spanned from 0.4409
in UNC810 to 0.2647 in HB15 (Table S1).

The first three components of the PCA explained 87.87% of
the data (comp. 1:72.87%, comp. 2:11.52%, and comp. 3:2.67%)
(Figure 3). Two distinct clusters were visible. One was composed
of Bavarian populations and one of the populations from northern
Germany. This partitioning coincides with the SSR analysis of T.
Herden, M. Bénisch, & N. Friesen (unpublished data). Separation into
Terr or Aqu clusters was not observed.

Both analyses (SSR and ISSR) showed congruent results, namely
a split between Northern and Southern populations (Figure 3) (T.
Herden, M. Bénisch, & N. Friesen, unpublished data).

3.2 | Self-fertilization test

There was an evident difference in the number of seeds between
the isolated and their control pots. However, due to high humidity
in the isolated trays, some of the inflorescences and infructescences
started to rot. Therefore, a test for statistical significance was not
possible. Nevertheless, the isolated plants produced seeds when
fertilized with their pollen. Randomly selected seeds were able to

germinate.
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3.3 | Dry stress experiment

3.3.1 | Terrestrial plants

During the first run of the Terr plants, none of the plants endured
the scheduled time of 20 days without a complete loss of leaves.
About 46% of the plants dropped all leaves during the first nine to
11 days. Two plants shed all its leaves after 16 days (Figure 4a). On
average, there was a SWL of 64% at which plants lost all their leaves.
After 16 days, the control pot had an SWL of 51%. The relationship

12 13 14 15 16 17 18 19

Days of treatment

of the variables was explained best with a polynomial regression
(0.9902 < adjusted R? < 0.9993, median: 0.998) instead of a linear
regression (0.8663 < adjusted R? < 0.9917, median: 0.9167) (adjusted
R?, slopes (b), intercept (a), and residual standard deviation (res. SD) are
given in Figure S1a,b). Only plant VI had an even water loss which was
comparable to the linear regression (Figure S1a).

The new leaves that grew back during the recovery period were
smaller and stiffer.

In the second run, all plants endured the scheduled time of

20 days without a complete loss of leaves (Figure 4a). The plants
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FIGURE 5 Relative water content at the start and the end of the first and second runs during the drought stress experiment. (a)

Terrestrials, (b) potted aquatics

showed signs of withering, after an average SWL of 55% (39%-
65%). The control pot had an SWL of 38%. Overall, the SWC was
significantly higher during the second run. The adjusted R%s were
higher than 0.98, except for plants I, IV, and V (>0.97) (Figure S1a).
The relationship of the variables during the second run almost fits
a linear regression in all investigated plants (Figure Sla,b). The
slopes of the linear regressions were between -16.6 and -8.1 (me-
dian: -12.76).

Figure 4a shows the smoothed conditional means of all plants
during the first and second runs. The curve is, except for the slope
(b -7.9948, b
the control pot (Figure S1b plant control).

-12.7554), comparable to the one from

control median =

The RWCs of leaves at the start of run one (with full turgor
pressure) and the end of the run one (complete loss of turgor
pressure) were significantly different (Figure 5a). The leaves lost
on average 31.44% (lowest: 15.1%; highest: 50.49%) of water. In
run two, the RWCs did not differ significantly between the begin-
ning and the end of the run (Figure 5a). The leaves had a negative
water loss and gained on average 1.76% (lowest: -13.75%; highest:
3.75%) of water.

3.3.2 | Potted aquatics plants

During the first run, only one plant out of 15 endured the scheduled
time of 20 days without a complete loss of leaves (Figure 4b). At day
15, 53% of the plants lost all their leaves. The average SWL was 63%
and ranged from 61% to 65%. The control pot had an SWL of 46%.

The adjusted R? for the linear regression for the SWC curves of
each plant was between 0.9929 and 0.8864 (median: 0.9549) with
a res. SD between 28.49 and 7.279 (median: 17.61). The curves of
plant I, VIII, and X are very close to that of the linear regression with
the adjusted R? > 0.98 and the res. SD < 9.2 (Figure Sic,d). However,
the relationship of the variables was best explained with polynomial
regression (adj. R% 0.9893-0.9967, median: 0.9945; res. SD: 9.092-
4.957, median: 6.479) (Figure Sic,d).

The new leaves that grew back during the recovery period were
smaller and stiffer.

In the second run, all plants endured the scheduled time of
20 days without a complete loss of leaves (Figure 4b). The plants
showed signs of withering at an average SWL of 45% (36%-57%).
The control pot had an SWL of 35%. The adj. R? was between 0.9968
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and 0.9991 with a res. SD between 3.464 and 1.528. The curves
fit the linear regression (Figure Sic,d). For plants Ill and VIII, the
curves fit the linear regression best in the second run (Figure Sic).
The slopes of the linear regressions were between -11.92 and -7.13
(median: -9.08). The slope of the linear regression of the control pot
was -6.62 (Figure S1d plant control).

Figure 4b shows the smoothed conditional means of all plants
during the first and second runs. The curve is, except for the slope
(bontro = —6-62, b

control (Figure S1d plant control).

median = -9.08), comparable to the one from the

The RWCs between leaves at the start of the run one (with full
turgor pressure) and those at the end of the run one (complete loss of
turgor pressure) differed significantly (Figure 5b). The leaves lost on
average 23.95% (lowest: 7.33%; highest: 49%) of water. In run two,
the RWCs were again significantly different when comparing the
beginning and the end of the run. The leaves lost on average 2.51%
(lowest: —0.3%; highest: 6.1%) of water. The difference in water loss

between both runs was significant (p < .001, data not shown).

The RWC at the start of both runs was significantly different,
comparing both conditions (Aqu and Terr). On average, the differ-
ences were 1.28% in the first run and 4.3% in the second run. At the
end of both runs, the RWCs in both conditions were not significantly

different anymore (p < .001, data not shown).

3.4 | Stomatal index

There were no significant differences between the different leaflet
pairs in a leaf (Figure 6a,b). In all conditions (Aqu, A-T, T-Wet, and Terr),
the Sl of the upper surface was significantly lower than the Sl from
the lower surface (p < .001) (Figure 6c-f). On the upper surfaces,
the Sl was significantly higher for Aqu than all other conditions with
different levels of significance (Figure 6g). There were no significant
differences between conditions A-T, T-Wet, and Terr.

On the lower surfaces, the Sl of Aqu was significantly higher (with
different levels of significance) in comparison with the Sl of plants

grown under other conditions (Figure 6h). There was a significant
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difference between the Sl of AT and Terr. However, there was no
significant difference between both forms grown under the same
condition (A-T and T-Wet).

The ratio (Sl upper/Sl lower) between the upper and lower sur-
faces for each condition was analyzed (Figure 6i). The only signifi-
cant difference was detected between A-T and T-Wet (.01 < p < .05).

3.5 | General observations

Five cuttings from every Aqu populations were potted and the rest
grown in small trays with water. All plants, in the trays with water
and the pots, build inflorescences and infructescences.

4 | DISCUSSION

Two main results derived from this study: (a) The analyses of the SSR
and ISSR data showed similar outcomes and no significant separa-
tion into ecotypes; (b) the differences in morphological characters
of the two forms faded when plants were grown under the same

conditions.

4.1 | Genetic comparison

Both fingerprinting methods (SSR and ISSR) together portray the ge-
netic diversity of the entire genomes of all investigated individuals.
Nevertheless, most populations can be genetically told apart from
each other; both forms are not genetically differentiated (Figures 2
and 3). Therefore, a taxonomical division based on molecular data is
not justified.

The only significant difference recovered from the genetic data
was from the F-statistics (Figure 2e,f; Table S2). The heterozygote
excess, revealed by a negative F,, can be caused by asexual propa-
gation (Stoeckel et al., 2006). Four out of the seven Aqu populations
exhibited negative F and F;, values. These findings confirm the ob-
servations that these populations tend to grow clonally (Casper &
Krausch, 1981; Schossau 2000 cited in Hacker et al., 2003; NLWKN,
2011). However, three of them have positive F-statistic values. A
heterozygote deficiency (homozygote excess) is revealed by positive
Fis values and can be caused by self-fertilization. This is mainly the
case in the Terr populations.

In Aqu populations, most of the leaves are partially submerged
due to floating (pers. observation). When leaves are submerged, they
encounter an oxygen shortage (Mommer & Visser, 2005). Hypoxia
triggers the ethylene production and thus the adjustments to the
submerged conditions such as development of aerenchyma (Drew,
Jackson, Giffard, & Campbell, 1981; Gunawardena, Pearce, Jackson,
Hawes, & Evans, 2001; Jackson & Armstrong, 1999; Jackson,
Fenning, Drew, & Saker, 1985; Kordyum, Kozeko, Ovcharenko, &
Brykov, 2017; Yamauchi, Shimamura, Nakazono, & Mochizuki, 2013)
or submergence-acclimated leaf forms (Kuwabara, lkegami, Koshiba,
& Nagata, 2003; Kuwabara, Tsukaya, & Nagata, 2001). In the case
of H. repens, it possibly inhibits the flowering as it does in Ipomoea

nil (L.) Roth (Suge, 1972; Wilmowicz, Kesy, & Kopcewicz, 2008) or in
Xanthium pungens Wallr. (Abeles, 1967). The plants in the tray were in
contact with the bottom and were thus able to sustain upright leaves
above the water surface. Due to fluctuations in the water level at the
natural sites, the very similar conditions can occur possibly leading
to infrequent flowering. Burmeier and Jensen (2008) observed that
seeds were able to germinate even under water. Therefore, seed
recruitment during low water seems possible and could explain the
positive F,_ values.

However, these interpretations remain largely hypothetical and
constitute a basis for further research.

4.2 | Morphological comparison

4.2.1 | Drought stress

Both forms undoubtedly adapted between the first and the second
runs (Figure 4). This adaptation is also visible in the RWC values of
the leaves (Figure 5). During the second run, the RWC values of the
leaves did not drop as much as in the first runs (Figure 5). In some
cases, the leaves even gained water and plants grew new leaves dur-

ing the run (pers. observation).

4.2.2 | Stomatal index

There were no significant differences between forms (Figure 6).
One could interpret the differences in the Sl of the upper surface
of all conditions as a plastic reduction in Sl caused by reduced
water availability (Figure 6h). The difference in the ratio of upper
and lower surface Sl between A-T and T-Wet was likely due to the
variation in the data and would probably disappear if more repeti-
tions were carried out (Figure 6i). Had this been a genotypic trait,
both extreme conditions (Aqu and Terr) would have shown differ-

ences in the SI.

5 | CONCLUSION

In general, neither molecular data nor the results from water-
manipulating experiments alone can rule out the hypothesis
of ecotypes. Molecular markers may fail to detect differences
(Bekessy et al., 2003), and there could be other ecological fac-
tors in which the two forms behave differently. Billet, Genitoni,
and Bozec (2018) analyzed aquatic and terrestrial morphotypes
of Ludwigia grandiflora (Michx.) Greuter & Burdet and based on
morphological traits they found that the terrestrial morphotype
outcompetes the aquatic one. However, they did not perform mo-
lecular analyses; thus, the molecular basis of L. grandiflora adapta-
tion remains unknown.

Ecotype hypotheses can be addressed only when morphology
as well as genetic foundation studies is combined (McKay & Latta,
2002). In a study on Alternanthera philoxeroides (Mart.) Griseb.,
Geng et al. (2007) used molecular data (ISSR) and common garden
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experiments to test the ecotypes hypotheses for aquatic and terres-
trial forms. Their data supported, however, the plasticity hypothesis.
For Coccothrinax argentata (Jacq.) L.H.Bailey, Davis, Lewis, Francisco-
Ortega, and Zona (2007) found minute differences in the ISSR anal-
ysis between the mainland and insular populations. However, they
found a great deal of plasticity in the traits included in the study
that do not support a separation into different taxa. In Ageratina ad-
enophora (Spreng.) R.M.King & H.Rob., the authors found evidence
for phenotypic plasticity after checking 16 populations with ISSR
and common garden experiments (Zhao, Yang, & Xi, 2012). Noel,
Machon, and Porcher (2007) analyzed Ranunculus nodiflorus L. pop-
ulations in France with microsatellites and common garden experi-
ments. They found no genetic diversity and strong evidence favoring
phenotypic plasticity.

Since our molecular data provide strong evidence against the
ecotype hypothesis and the morphological differences disap-
peared during a simple drought stress experiment, the results can
only lead to one explanation: phenotypic plasticity. Moreover, the
drought stress experiment showed that plants that experienced
drought stress performed better when subjected to drought stress
again. This adaptive plasticity in this species enables it to endure
short periods of drought stress and periods of water stress (Longa,
2019). It also gives the plants an advantage over competitors
in zones of water fluctuations such as wet pastures and littoral
zones, where this species naturally occurs. The ability of self-fer-
tilization may benefit H. repens in environments where pollinators

are scarce.

ACKNOWLEDGMENTS

The authors thank Dr. Anselm Krumbiegel for providing living mate-
rial from the aquatic populations. The German Federal Ministry of
Food and Agriculture (BMEL) financially supported this work through
the Federal Office for Agriculture and Food (BLE) (grant number
2814BM110).

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

T.H. and N.F. conceived the ideas and designed methodology; N.F.
supervised the study; T.H. did the laboratory work, conducted the
experiments, and collected and analyzed the data; T.H. led the writ-
ing of the manuscript. Both authors contributed critically to the

draft. The authors have no conflicts of interest to declare.

ORCID

Tobias Herden https://orcid.org/0000-0003-3247-2574

Nikolai Friesen https://orcid.org/0000-0003-3547-3257

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

OPEN DATA BADGE

L

This article has earned an Open Data Badge for making publicly
available the digitally-shareable data necessary to reproduce the
reported results. The data is available at https://doi.org/10.5061/
dryad.mOcfxpnzg.

DATA AVAILABILITY STATEMENT

Data is available under https://doi.org/10.5061/dryad.mOcfxpnzg.

REFERENCES

Abeles, F. B. (1967). Inhibition of flowering in Xanthium pensylvanicum
Walln. by ethylene. Plant Physiology, 42, 608-609.

Amano, R., Nakayama, H., Morohoshi, Y., Kawakatsu, Y., Ferjani, A.,
& Kimura, S. (2015). A decrease in ambient temperature induces
post-mitotic enlargement of palisade cells in North American lake
cress. PLoS ONE, 10, e0141247. https://doi.org/10.1371/journ
al.pone.0141247

Andiego, K., Dangasuk, O., Odee, D., Omondi, F. S., Otieno, D. F., &
Balozi, B. K. (2019). Genetic diversity of endangered sandalwood
(Osyris lanceolata) populations in Kenya using ISSR molecular
markers. East African Agricultural Journal, 83, 80-93. https://doi.
org/10.1080/00128325.2019.1605964

Arndt, S. K., Irawan, A., & Sanders, G. J. (2015). Apoplastic water fraction
and rehydration techniques introduce significant errors in measure-
ments of relative water content and osmotic potential in plant leaves.
Physiologia Plantarum, 155, 355-368. https://doi.org/10.1111/
ppl.12380

Baldwin, S., Pither-Joyce, M., Wright, K., Chen, L., & McCallum, J. (2012).
Development of robust genomic simple sequence repeat markers for
estimation of genetic diversity within and among bulb onion (Allium
cepa L.) populations. Molecular Breeding, 30, 1401-1411. https://doi.
org/10.1007/s11032-012-9727-6

Bekessy, S. A., Ennos, R. A, Burgman, M. A,, Newton, A. C., & Ades, P.
K. (2003). Neutral DNA markers fail to detect genetic divergence in
an ecologically important trait. Biological Conservation, 110, 267-275.
https://doi.org/10.1016/50006-3207(02)00225-2

Billet, K., Genitoni, J., Bozec, M., Renault, D., & Barloy, D. (2018). Aquatic
and terrestrial morphotypes of the aquatic invasive plant, Ludwigia
grandiflora, show distinct morphological and metabolomic responses.
Ecology and Evolution, 8, 2568-2579. https://doi.org/10.1002/
ece3.3848

Bougeard, S., & Dray, S. (2018). Supervised multiblock analysis in R with
the ade4 Package. Journal of Statistical Software, 86, 1-17. https://doi.
org/10.18637/jss.v086.i01.

Burmeier, S., & Jensen, K. (2008). Is the endangered Apium repens (Jacq.)
Lag. rare because of a narrow regeneration niche? Plant Species
Biology, 23, 111-118. https://doi.org/10.1111/j.1442-1984.2008.
00212.x

Casper, S. J., & Krausch, H.-D. (1981). SuRwasserflora von Mitteleuropa.
Band 24. In B. Budel, G. Gértner, L. Krienitz, H.-R. Preisig & M.
Schagerl (Eds.), Pteridophyta und Anthophyta. 2. Teil: Saururaceae bis
Asteraceae (pp. 410-942). Jena, Germany: Gustav Fischer Verlag.

Chessel, D., Dufour, A. B., & Thioulouse, J. (2004). The ade4 package - | :
One-table methods. R News, 4, 6.

Davis, A., Lewis, C., Francisco-Ortega, J., & Zona, S.(2007). Differentiation
among insular and continental populations of Coccothrinax argentata
(Arecaceae): Evidence from DNA markers and a common garden ex-
periment. Taxon, 56, 103-111.


https://orcid.org/0000-0003-3247-2574
https://orcid.org/0000-0003-3247-2574
https://orcid.org/0000-0003-3547-3257
https://orcid.org/0000-0003-3547-3257
https://openscience.com
https://doi.org/10.5061/dryad.m0cfxpnzg
https://doi.org/10.5061/dryad.m0cfxpnzg
https://doi.org/10.5061/dryad.m0cfxpnzg
https://doi.org/10.1371/journal.pone.0141247
https://doi.org/10.1371/journal.pone.0141247
https://doi.org/10.1080/00128325.2019.1605964
https://doi.org/10.1080/00128325.2019.1605964
https://doi.org/10.1111/ppl.12380
https://doi.org/10.1111/ppl.12380
https://doi.org/10.1007/s11032-012-9727-6
https://doi.org/10.1007/s11032-012-9727-6
https://doi.org/10.1016/S0006-3207(02)00225-2
https://doi.org/10.1002/ece3.3848
https://doi.org/10.1002/ece3.3848
https://doi.org/10.18637/jss.v086.i01
https://doi.org/10.18637/jss.v086.i01
https://doi.org/10.1111/j.1442-1984.2008.00212.x
https://doi.org/10.1111/j.1442-1984.2008.00212.x

HERDEN anp FRIESEN

13964 WI LEY—ECOlOgy and Evolution

Open Access,

Dray, S., & Dufour, A.-B. (2007). The ade4 package: Implementing the
duality diagram for ecologists. Journal of Statistical Software, 22, 1-20.
https://doi.org/10.18637/jss.v022.i04

Dray, S., Dufour, A. B., & Chessel, D. (2007). The ade4 package — II: Two-
table and K-table methods. R News, 7, 6.

Drew, M. C., Jackson, M. B., Giffard, S. C., & Campbell, R. (1981).
Inhibition by silver ions of gas space (aerenchyma) formation in ad-
ventitious roots of Zea mays L. subjected to exogenous ethylene or
to oxygen deficiency. Planta, 153, 217-224. https://doi.org/10.1007/
BF00383890

East, E. M. (1940). The distribution of self-sterility in the flowering plants.
Proceedings of the American Philosophical Society, 82, 449-518.

Frank, D., & S. Klotz (Eds.) (1990). Biologisch-Okologische Daten zur Flora
der DDR. Halle (Saale), Germany: Martin-Luther-Universitat Halle
Wittenberg.

Fu, C., Kong, H., Yingxiong, Q., & Cameron, K. M. (2005). Molecular
phylogeny of the East Asian-North American disjunct Smilax sect.
Nemexia (Smilacaceae). International Journal of Plant Sciences, 166,
301-309. https://doi.org/10.1086/427200

Geethanjali, S., Anitha Rukmani, J., Rajakumar, D., & Palchamy, K. (2018).
Genetic diversity, population structure and association analysis
in coconut (Cocos nucifera L.) germplasm using SSR markers. Plant
Genetic Resources Characteristics Utility, 16, 156-168. https://doi.
org/10.1017/51479262117000119

Geng, Y.-P,, Pan, X.-Y,, Xu, C.-Y., Zhang, W.-J,, Li, B. O., Chen, J.-K,, ...
Song, Z.-P. (2007). Phenotypic plasticity rather than locally adapted
ecotypes allows the invasive alligator weed to colonize a wide range
of habitats. Biological Invasions, 9, 245-256. https://doi.org/10.1007/
s10530-006-9029-1

Gunawardena, A. H. L. A. N., Pearce, D. M. E., Jackson, M. B., Hawes, C.
R., & Evans, D. E. (2001). Rapid changes in cell wall pectic polysaccha-
rides are closely associated with early stages of aerenchyma forma-
tion, a spatially localized form of programmed cell death in roots of
maize (Zea mays L.) promoted by ethylene. Plant, Cell and Environment,
24,1369-1375. https://doi.org/10.1046/j.1365-3040.2001.00774.x

Hacker, F., Voigtldnder, U., & Russow, B. (2003) Artensteckbrief Apium
repens (Jacquin) Lagasca. Mecklenbg-Vorpommern, Germany:
Landesamt Fiir Umw Naturschutz Geol.

Holderegger, R., Kamm, U., & Gugerli, F. (2006). Adaptive vs. neutral
genetic diversity: Implications for landscape genetics. Landscape
Ecology, 21, 797-807. https://doi.org/10.1007/s10980-005-5245-9

Jackson, M. B., & Armstrong, W. (1999). Formation of aerenchyma
and the processes of plant ventilation in relation to soil flood-
ing and submergence. Plant Biology, 1, 274-287. https://doi.
org/10.1111/j.1438-8677.1999.tb00253.x

Jackson, M. B., Fenning, T. M., Drew, M. C., & Saker, L. R. (1985).
Stimulation of ethylene production and gas-space (aerenchyma) for-
mation in adventitious roots of Zea mays L. by small partial pressures
of oxygen. Planta, 165, 486-492. https://doi.org/10.1007/BFO03
98093

Kimura, M. (1983). The neutral theory of molecular evolution. Cambridge,
UK: Cambridge University Press.

Klotz, S., Kiihn, I., & Durka, W. (2002) BIOLFLOR - Eine Datenbank zu bi-
ologisch-dkologischen Merkmalen der Gefdf3pflanzen in Deutschland. -
Schriftenreihe fiir Vegetationskunde 38. Bundesamt fiir Naturschutz.
Bonn - Bad Godesberg - Germany.

Kordyum, E., Kozeko, L., Ovcharenko, Y., & Brykov, V. (2017). Assessment
of alcohol dehydrogenase synthesis and aerenchyma formation in
the tolerance of Sium L. species (Apiaceae) to water-logging. Aquatic
Botany, 142, 71-77. https://doi.org/10.1016/j.aquabot.2017.07.001

Kumar, A., Mishra, P, Singh, S. C., & Sundaresan, V. (2014). Efficiency of
ISSR and RAPD markers in genetic divergence analysis and conser-
vation management of Justicia adhatoda L., a medicinal plant. Plant
Systematics and Evolution, 300, 1409-1420. https://doi.org/10.1007/
s00606-013-0970-z

Kuwabara, A., lkegami, K., Koshiba, T., & Nagata, T. (2003). Effects of
ethylene and abscisic acid upon heterophylly in Ludwigia arcu-
ata (Onagraceae). Planta, 217, 880-887. https://doi.org/10.1007/
s00425-003-1062-z

Kuwabara, A., Tsukaya, H., & Nagata, T. (2001). Identification of factors
that cause heterophylly in Ludwigia arcuata Walt. (Onagraceae). Plant
Biology, 3, 98-105. https://doi.org/10.1055/s-2001-11748

Longa, V. M. (2019). Adaptive plasticity. In T. K. Shackelford, & V. A.
Weekes-Shackelford (Eds.), Encyclopedia of evolutionary psycho-
logical science (pp. 1-4). Cham, Switzerland: Springer International
Publishing.

McKay, J. K., & Latta, R. G. (2002). Adaptive population divergence:
Markers, QTL and traits. Trends in Ecology & Evolution, 17, 285-291.
https://doi.org/10.1016/50169-5347(02)02478-3

Miller, N. A., & Ashby, W. C. (1968). Studying stomates with polish. Turtox
News, 46, 322.

Mishra, Y., Johansson Jankdnpaa, H., Kiss, A. Z., Funk, C., Schréder,
W. P, & Jansson, S. (2012). Arabidopsis plants grown in the field
and climate chambers significantly differ in leaf morphology and
photosystem components. BMC Plant Biology, 12, 6. https://doi.
org/10.1186/1471-2229-12-6

Mommer, L., & Visser, E. J. W. (2005). Underwater photosynthesis in
flooded terrestrial plants: A matter of leaf plasticity. Annals of Botany,
96, 581-589. https://doi.org/10.1093/aob/mci212

Morgante, M., & Olivieri, A. M. (1993). PCR-amplified microsatellites as
markers in plant genetics. The Plant Journal, 3, 175-182. https://doi.
org/10.1111/j.1365-313X.1993.tb00020.x

NLWKN. (2011). Vollzugshinweise zum Schutz von Pflanzenarten in
Niedersachsen. - Pflanzenarten des Anhangs Il der FFH-Richtlinie
mit héchster Prioritat fur Erhaltungs- und EntwicklungsmaBnahmen
- Kriechender Sellerie (Apium repens). In Niedersdchsische Strategie
zum Arten- und Biotopschutz (p. 13). Hannover, Germany, unveroff.

Noel, F., Machon, N., & Porcher, E. (2007). No genetic diversity at mo-
lecular markers and strong phenotypic plasticity in populations of
Ranunculus nodiflorus, an endangered plant species in France. Annals
of Botany, 99, 1203-1212. https://doi.org/10.1093/aob/mcm067

Oberdorfer, E. (1983). Pflanzensoziologische Exkursions Flora (5th ed.).
Stuttgart, Germany: Ulmer.

Park, Y.-J., Lee, J. K., & Kim, N.-S. (2009). Simple sequence repeat poly-
morphisms (SSRPs) for evaluation of molecular diversity and germ-
plasm classification of minor crops. Molecules, 14, 4546-4569. https
://doi.org/10.3390/molecules14114546

R Core Team. (2017). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Reddy, M. P, Sarla, N., & Siddig, E. A. (2002). Inter simple sequence
repeat (ISSR) polymorphism and its application in plant breeding.
Euphytica, 128, 9-17.

Roldan-Ruiz, I., Dendauw, J., Bockstaele, E. V., & Depicker, A. (2000).
AFLP markers reveal high polymorphic rates in ryegrasses (Lolium
spp.). Molecular Breeding, 6, 125-134.

Salisbury, E. J. (1928). On the causes and ecological significance of
stomatal frequency, with special reference to the woodland flora.
Philosophical Transactions of the Royal Society B: Biological Sciences,
216, 1-65. https://doi.org/10.1098/rstb.1928.0001

Schlotteréer, C., Amos, B., & Tautz, D. (1991). Conservation of polymor-
phic simple sequence loci in cetacean species. Nature, 354, 63-65.
https://doi.org/10.1038/354063a0

Schubert, R., & Vent, W. (Eds.) (1994). Werner Rothmaler - Ekursionsflora
von Deutschland (8th ed.). Jena - Stuttgart, Germany: Gustav Fischer
Verlag.

Stoeckel, S., Grange, J., Fernandez-Manjarres, J.-F., Bilger, |I.,
Frascaria-Lacoste, N., & Mariette, S. (2006). Heterozygote ex-
cess in a self-incompatible and partially clonal forest tree species
— Prunus avium L. Molecular Ecology, 15, 2109-2118. https://doi.
org/10.1111/j.1365-294x.2006.02926.x


https://doi.org/10.18637/jss.v022.i04
https://doi.org/10.1007/BF00383890
https://doi.org/10.1007/BF00383890
https://doi.org/10.1086/427200
https://doi.org/10.1017/S1479262117000119
https://doi.org/10.1017/S1479262117000119
https://doi.org/10.1007/s10530-006-9029-1
https://doi.org/10.1007/s10530-006-9029-1
https://doi.org/10.1046/j.1365-3040.2001.00774.x
https://doi.org/10.1007/s10980-005-5245-9
https://doi.org/10.1111/j.1438-8677.1999.tb00253.x
https://doi.org/10.1111/j.1438-8677.1999.tb00253.x
https://doi.org/10.1007/BF00398093
https://doi.org/10.1007/BF00398093
https://doi.org/10.1016/j.aquabot.2017.07.001
https://doi.org/10.1007/s00606-013-0970-z
https://doi.org/10.1007/s00606-013-0970-z
https://doi.org/10.1007/s00425-003-1062-z
https://doi.org/10.1007/s00425-003-1062-z
https://doi.org/10.1055/s-2001-11748
https://doi.org/10.1016/S0169-5347(02)02478-3
https://doi.org/10.1186/1471-2229-12-6
https://doi.org/10.1186/1471-2229-12-6
https://doi.org/10.1093/aob/mci212
https://doi.org/10.1111/j.1365-313X.1993.tb00020.x
https://doi.org/10.1111/j.1365-313X.1993.tb00020.x
https://doi.org/10.1093/aob/mcm067
https://doi.org/10.3390/molecules14114546
https://doi.org/10.3390/molecules14114546
https://doi.org/10.1098/rstb.1928.0001
https://doi.org/10.1038/354063a0
https://doi.org/10.1111/j.1365-294x.2006.02926.x
https://doi.org/10.1111/j.1365-294x.2006.02926.x

HERDEN anp FRIESEN

Suge, H. (1972). Inhibition of photoperiodic floral induction in Pharbitis
nil by ethylene. Plant and Cell Physiology, 13, 1031-1038. https://doi.
org/10.1093/oxfordjournals.pcp.a074809

Tallman, G., Zhu, J., Mawson, B. T., Amodeo, G., Nouhi, Z., Levy, K., &
Zeiger, E. (1997). Induction of CAM in Mesembryanthemum crystal-
linum abolishes the stomatal response to blue light and light-depen-
dent zeaxanthin formation in guard cell chloroplasts. Plant and Cell
Physiology, 38, 236-242. https://doi.org/10.1093/oxfordjournals.
pcp.a029158

Tautz, D. (1989). Hypervariabflity of simple sequences as a general
source for polymorphic DNA markers. Nucleic Acids Research, 17,
6463-6471.

Tautz, D., & Schl6tterer, C. (1994). Simple sequences. Current
Opinion in Genetics & Development, 4, 832-837. https://doi.
org/10.1016/0959-437X(94)90067-1

The Plant List. (2013). The Plant List, version 1.1. Retrieved from http://
www.theplantlist.org/

Voightlander, U., & Mohr, A.(2008). Verbreitung, C")kologie und Soziologie
von Apium repens (Jacquin) Lagasca in Mecklenburg-Vorpommern.
Botanischer Rundbrief, 43, 81-104.

Weatherley, P. E. (1950). Studies in the water relations of the cotton plant.
I. The field measurement of water deficits in leaves. New Phytologist,
49, 81-97. https://doi.org/10.1111/j.1469-8137.1950.tb05146.x

Weber, H. E. (1995). Flora von Siidwest-Niedersachsen und dem benachbar-
ten Westfalen. Osnabrueck, Germany: H. Th. Wenner.

Wickham, H. (2018). ggplot2: Elegant Graphics for Data Analysis. New
York: Springer-Verlag.

Wilmowicz, E., Kesy, J., & Kopcewicz, J. (2008). Ethylene and ABA inter-
actions in the regulation of flower induction in Pharbitis nil. Journal
of Plant Physiology, 165, 1917-1928. https://doi.org/10.1016/j.
jplph.2008.04.009

Xue, B., & Leibler, S. (2018). Benefits of phenotypic plasticity for popu-
lation growth in varying environments. Proceedings of the National

Fcology and Evolution o 13965
= WILEY- 2%

Academy of Sciences of the United States of America, 115, 12745-
12750. https://doi.org/10.1073/pnas.1813447115

Yamauchi, T., Shimamura, S., Nakazono, M., & Mochizuki, T. (2013).
Aerenchyma formation in crop species: A review. Field Crops Res, 152,
8-16. https://doi.org/10.1016/j.fcr.2012.12.008

Yasodha, R., Vasudeva, R., Balakrishnan, S., Sakthi, A. R., Abel, N., Binai,
N., ... Dev, S. A. (2018). Draft genome of a high value tropical timber
tree, Teak (Tectona grandis L. f): Insights into SSR diversity, phylog-
eny and conservation. DNA Research, 25(4), 409-419. https://doi.
org/10.1093/dnares/dsy013

Zhao, Y., Yang, X., Xi, X., Gao, X., & Sun, S. (2012). Phenotypic plas-
ticity in the invasion of crofton weed (Eupatorium adenophorum)
in China. Weed Science, 60, 431-439. https://doi.org/10.1614/
WS-D-11-00198.1

Zietkiewicz, E., Rafalski, A., & Labuda, D. (1994). Genome fingerprinting
by simple sequence repeat (SSR)-anchored polymerase chain reac-
tion amplification. Genomics, 20, 176-183. https://doi.org/10.1006/
geno.1994.1151

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Herden T, Friesen N. Ecotypes or
phenotypic plasticity—The aquatic and terrestrial forms of
Helosciadium repens (Apiaceae). Ecol Evol. 2019;9:13954-
13965. https://doi.org/10.1002/ece3.5833



https://doi.org/10.1093/oxfordjournals.pcp.a074809
https://doi.org/10.1093/oxfordjournals.pcp.a074809
https://doi.org/10.1093/oxfordjournals.pcp.a029158
https://doi.org/10.1093/oxfordjournals.pcp.a029158
https://doi.org/10.1016/0959-437X(94)90067-1
https://doi.org/10.1016/0959-437X(94)90067-1
http://www.theplantlist.org/
http://www.theplantlist.org/
https://doi.org/10.1111/j.1469-8137.1950.tb05146.x
https://doi.org/10.1016/j.jplph.2008.04.009
https://doi.org/10.1016/j.jplph.2008.04.009
https://doi.org/10.1073/pnas.1813447115
https://doi.org/10.1016/j.fcr.2012.12.008
https://doi.org/10.1093/dnares/dsy013
https://doi.org/10.1093/dnares/dsy013
https://doi.org/10.1614/WS-D-11-00198.1
https://doi.org/10.1614/WS-D-11-00198.1
https://doi.org/10.1006/geno.1994.1151
https://doi.org/10.1006/geno.1994.1151
https://doi.org/10.1002/ece3.5833

