Plant Soil (2015) 396:215-227
DOI 10.1007/511104-015-2581-7

@ CrossMark

REGULAR ARTICLE

Phenotypic plasticity accounts for most of the variation in leaf
manganese concentrations in Phytolacca americana growing
in manganese-contaminated environments

Chen Chen - Hongxiao Zhang - Aiguo Wang -
Min Lu - Zhenguo Shen - Chunlan Lian

Received: 26 February 2015 /Accepted: 26 June 2015 /Published online: 9 July 2015

© Springer International Publishing Switzerland 2015

Abstract

Background and aims Phytolacca americana, a global-
ly invasive species, is able to flourish in heavy metal-
contaminated habitats. To improve understanding of the
adaptive evolutionary mechanisms of plants under
heavy metal stress, we investigated key factors contrib-
uting to variation in leaf manganese (Mn) content in
P. americana.

Methods Genetic surveys and common garden experi-
ments were conducted simultaneously in an analysis of
P, americana populations growing on Mn-contaminated
and uncontaminated soil.

Results Our field survey detected a significant relation-
ship between leaf Mn concentrations in P. americana
and concentrations in the soils from which plants were
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collected. Microsatellite analyses identified low levels
of genetic diversity within and between populations; 32
of 39 populations (82 %) were genetically monomor-
phic. No genetic differentiation was detected between
populations from contaminated and uncontaminated
soils. Our common garden experiments showed that
Mn concentrations in P. americana were related only
to the growth habitat, regardless of the origin of the
seeds.

Conclusions Combining the results of our ecological
and genetic analyses, we concluded that genetic varia-
tion is not likely to be responsible for the wide ecolog-
ical distribution of P. americana in China. Rather, phe-
notypic plasticity is probably the major contributor to its
successful colonisation of stressful habitats, such as
heavy metal-contaminated soils.

Keywords Phenotypic plasticity - Genetic variation -
Hyperaccumulator species - Manganese accumulation -
Pokeweed

Introduction

Heavy metal contamination of soil has received consid-
erable public attention over recent decades.
Contamination may be naturally caused or results from
anthropogenic activities, such as mining, agriculture,
industrial processes and traffic (Baker 1987; Muller
et al. 2004). In comparison with plants found at uncon-
taminated sites, those growing on heavy metal-
contaminated soils frequently accumulate elevated
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levels of the contaminating metals in their tissues
(Antonovics et al. 1971; Brooks et al. 1992; Reeves
2003; Pollard et al. 2014). Some species that evolved
on uncontaminated soils have developed tolerant geno-
types, which have persisted in toxic environments and
expanded their distributions to soils with high concen-
trations of heavy metals (Kruckeberg 1967). Heavy
metal contamination in soil acts as a selective pressure
to promote such evolutionary differentiation
(Antonovics et al. 1971; Reznick and Ghalambor 2001).

Plants able to accumulate extraordinarily high concen-
trations of heavy metals in their aerial organs and grow
well on metalliferous soils are categorised as
hyperaccumulators (Baker and Brooks 1989; Brooks
1998; Kramer 2010; Pollard et al. 2014). The threshold
concentration for leaf hyperaccumulation is 2—3 orders of
magnitude higher than those in the leaves of most species
growing on normal soils and at least one order of mag-
nitude greater than the usual range found in plants from
metalliferous soils. Currently, more than 500 plant spe-
cies are recognised as hyperaccumulators of heavy
metals (zinc [Zn], nickel [Ni], manganese [Mn], cobalt
[Co], copper [Cu], cadmium [Cd]), metalloids (arsenic
[As]) and nonmetals (selenium [Se]) (Verbruggen et al.
2009; van der Ent et al. 2013). These hyperaccumulators
may be useful for the removal of toxic metals from
contaminated soils; after accumulation in live tissues,
the toxins can be removed from the habitat by harvesting
metal-rich aboveground plant parts (Baker et al. 2000;
Pollard et al. 2002; McGrath et al. 2002; Pilon-Smits
2005; van der Ent et al. 2013). The physiological, mo-
lecular and genetic bases of hyperaccumulation have
been examined in previous works (Pollard et al. 2002;
Macnair 2003; Verbruggen et al. 2009; Kramer 2010).
However, the adaptive evolutionary mechanisms of
hyperaccumulation under heavy metal stress remain un-
clear (Pollard et al. 2002; Verbruggen et al. 2009; Cappa
and Pilon-Smits 2014). The capacity to tolerate and
accumulate metals varies greatly between populations
of the same hyperaccumulator species (Pollard et al.
2002; Verbruggen et al. 2009). Studies on phenotypic
and genetic variation within/among hyperaccumulator
populations will contribute to improved understanding
of the evolutionary mechanism(s) underlying heavy met-
al tolerance (Pollard et al. 2002; W¢jcik et al. 2013). The
variability of hyperaccumulator populations growing
separately in habitats with normal and high concentra-
tions of heavy metals makes these species good models
for studying evolution by natural selection.
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Genetic differentiation and phenotypic plasticity are
two mechanisms by which plants adapt to variable
environments (Williams et al. 2008). The genetic varia-
tion mechanism operates in species with high genetic
diversity; these are able to adapt to local habitats by
rapid genetic differentiation; i.e. they are able to evolve
(Ward et al. 2008; Bossdorf et al. 2010). The phenotypic
plasticity mechanism operates in species whose mem-
bers are able to shift their phenotypes to adapt to local
circumstances without any corresponding genotypic
shifts (Bossdorf et al. 2008; Richards et al. 2012).
Rapid genetic evolution may occur in only a few gen-
erations under the high selection pressure exerted by
extreme environmental conditions (Ernst 2006), and
the ability of plants to tolerate heavy metals can evolve
over relatively short time periods (Bone and Farres
2001). Toxin tolerance and hyperaccumulation ability
are at least in part under independent genetic controls
(Macnair et al. 1999; Macnair 2002; Assuncao et al.
2003) and may vary significantly among and within
populations (Escarré et al. 2000; Dechamps et al.
2005; Meyer et al. 2010). Heavy metal-contaminated
sites may be considered as ecological islands in which
strong selection pressure results in the genetic differen-
tiation of different ecotypes (Lefebvre and Vernet 1990;
Pollard et al. 2002; Muller et al. 2004). A range of
studies has identified within-species molecular differ-
ences between populations of metal accumulating
plants, such as Silene paradoxa (Mengoni et al. 2000),
Sedum alfredii (Deng et al. 2007) and Viola riviniana
(Kuta et al. 2014). In the field, individual plants of a
hyperaccumulating species are often very phenotypical-
ly variable, even within a single population (Bert et al.
2002). Phenotypic plasticity reportedly allows plants
with the same genotype to cope effectively with envi-
ronmental heterogeneity (Williams et al. 2008; Richards
et al. 2012) and may also contribute to the development
of metal tolerance (Bert et al. 2002; Macnair 2002).
Possible examples include Arabidopsis halleri
(Macnair 2002) and Thlaspi caerulescens (Baker et al.
1994; Jiménez-Ambriz et al. 2007).

Neutral molecular markers, such as microsatellites,
are likely to be useful in identifying metal-accumulative
population differences within a species (Mengoni et al.
2001; Pauwels et al. 2005; Jiménez-Ambriz et al. 2007).
Quantitative trait analyses through ecological experi-
ments are also likely to provide useful information on
the selective forces promoting genetic differentiation,
which cannot be obtained by neutral marker analysis
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(McKay et al. 2001; McKay and Latta 2002; Bekessy
et al. 2003). Therefore, neutral molecular markers and
ecological experiments have been combined to study
adaptive genetic differentiation among populations
(McKay and Latta 2002; Conner and Hartl 2004;
Geng et al. 2007).

Phytolacca americana is reportedly a Mn/Cd
hyperaccumulator (Tie et al. 2005; Peng et al. 2006,
2008; Gao et al. 2013). The species is a native perennial
herb in North America but has become a common
invasive alien on metal-contaminated and normal soils
in China (Armesto et al. 1983; Pollard et al. 2009).
Because of its known history in China, P. americana
may be used as a model species for studying adaptive
evolution under heavy metal stress. In this study, we
determined whether the variability in leaf manganese
content in P. americana results from genetic variation or
phenotypic plasticity. We used a combination of ecolog-
ical experiments and genetic surveys to study adaptive
genetic differentiation among populations.

Materials and methods
Sample collection

P americana was sampled from heavy metal-
contaminated and uncontaminated sites. We selected
42 sites (41 sites in six Chinese provinces and 1 site in
Japan) in which to collect P. americana leaves and soil
samples (Table 1). Approximately 30 individuals were
collected at each sampling site; the distances between
neighbouring plants exceeded 10 m. Portions of the leaf
samples were dried with silica gel in preparation for the
molecular survey. The remaining leaf samples were
washed carefully in tap water, rinsed in deionised water,
blotted with tissue paper and dried at 80 °C to constant
weight; dry weights were recorded for the chemical
analysis. Soil located near the roots of each sampled
individual of P. americana was also collected for chem-
ical analyses. Soil samples were collected in the 0—
20 cm depth range below the surface.

Common garden experiments

Common garden experiments were set up to study Mn
uptake by different populations of P. americana. All
seeds of P. americana were grown in a greenhouse
operated by Nanjing Agricultural University (average

temperature 30/25 °C [day/night]; relative humidity 60—
80 %; photoperiod 14/10 h [day/night]). Seeds of
P. americana were collected from five sites; of these,
two were contaminated (TG, TS), two were uncontam-
inated (MX, JT) (Table 1) and the fifth, an uncontami-
nated plot (YS) in Yongshun county, was used as the
baseline site for the Xiangxi region (total soluble man-
ganese [TSMn]=495 mg kg '; Peng et al. 2008).
Polluted habitats were partitioned by their soil Mn con-
centrations. The unpolluted habitats were defined as the
soil with Mn concentrations lower than 1800 mg kg ' in
our field surveys and common garden experiments,
which is in accordance with the standards issued by
the Ministry of Natural Resources and Environment,
Thailand (PCD 1995). We used the Thai soil quality
standard for Mn because no equivalent standard exists in
China. Healthy, uniform seeds of P. americana were
selected and germinated in a mixture of perlite and
vermiculite held in plastic plates and soaked with tap
water for 15 days. After germination, the seedlings were
transplanted to plastic buckets containing 2.5 L of half-
strength Hoagland nutrient solution (Hoagland nutrient
solution: 1 mmol L™' KNOj, 5 mmol L!
Ca(NOs)-4H,0, 5 mmol L' KH,PO,, 2 mmol L'
MgSO47H,0, 46.26 pumol L' H3BO5, 9.15 umol L™!
ZnS04-7H,0, 0.77 umol L™' MnCl,-4H,O0,
0.32 umol L' H;Mo00O,4H,0, 0.12 pmol L™
CuS0,4-5H,0, 20.01 umol L™' FeSO4 7H,O0,
20.03 pmol L' EDTA-2Na-2H,0) and cultivated for
12 days. The seedlings were subsequently treated with
three concentrations of Mn (as MnCl): 9.1 uM (con-
trol), 2000 uM and 10,000 uM. Each treatment was
replicated in three different plastic buckets, and in each
plastic bucket, we planted five seedlings of
P. americana. We renewed the Hoagland nutrient solu-
tion every other day. After 20 days of treatment with
Mn, the seedlings were harvested. The lengths of the
roots were measured, after which shoots and roots were
separated and washed thoroughly with tap water, rinsed
in deionised water, blotted with tissue paper and dried at
80 °C to constant weight; dry weights were recorded.

Chemical analyses of soils and plants

Dried plant materials were ground in an agate mortar
and digested with concentrated HNO; and HClO,
(87:13, v/v). Soil materials were air-dried at room tem-
perature and further dried at 105 °C for 6 h before
subjection to digestion. A mixture of concentrated

@ Springer



Plant Soil (2015) 396:215-227

218

€10 90T (8L1L-T87) $€6C (8¥8°¢8—TTI) 68T°CC €LIT 8'8C PuB[ULIE,] o[3ulg NZ
¥9°0 L€ (999.—L¥) 0TST (zT9'cc—¢c€1) 89¢¢ vSIl LSt ouru udys3ung, noyzuen MA
(454 88T (€€17-59) 0T€1 01€1-¥8) 0€S Yl ¥'sT aurw udyssuny, noyzues MX
101 v's (0¥91-9L1) €£9 (906—2L2) LT9 i $'sT surw udyssuny, noyzuen Md
6L'1 €T (906€—05) 018 (665—+S1) TS (28! ¥'sT a3e[IIA noyzuen X1
vS'l LS (Y9€8-9L) SLv1 (0£02921) $S6 L'LIT 0'6C auru pjon oesgueyg It
€r'8 S'LT (T91¥-L9T) 0ST1 (¥9€-91) 9¢€1 €SIl 0'LT pueue,f noyzuen rH
89°¢ L6 (LETT-16) 108 (zs9-8¢) 9¢1 TLII €'8C Arppug XImno AD
€'l ¢eh (L£9T-ST1D) 18T1 (8L1%-291) 868 6vIl LT auru pjon noyzues MD
LT I'6 (1961-CL) €95 (126-66) 08% LLTT 0'6C our soddop oesgueyg 1a
6L°0 1'99 (6£69—€6) 6¥S1 (885°T1-LE) 8561 9°LII 06T QuIw dUIZ Pea] oeIsueys eury) ‘rxsuel( 0a
1€°0 L0 (S8 1-65) 9¢€ (L979-8L1) T€11 Telt 6'LT AP noyznyz 77
600 I'l (6L£8-0€T) 90ST (F11°201-T89) 8€L°9T $'601 98T Ardyoug IX3uery XZ
LT°0 S0 (1LT-29) ¥11 (Tr6-10€) 659 SO11 16T preyo1Q siferfSueyyz v/
110 0°8C1 (LEY6—LSS) 909¢€ (¥86%61-9LT) 110°CE ¢TIl 19¢ ISEHEIEN noyz3uox ZA
80°0 91 (6LLS—SOY) €1€C (0L¥'S9T-9ST) T69°6T 8Tl 08¢ Ardyouug uejSuery IX
SE0 Tl (€L11-$9) €ST (9887-LS) 12L SIII 8'LT opis peoy  SuellmysSuo] ai
80°0 S0¢ (Y918—€LT) SSPI (8€1°99-011) TLLLT 8601 €'8¢C Aypwg noysif St
80°0 8'8S (86T€-8LT) SLL (L60°09-+18) 8886 9CIl 997 Ardyouwig SueASuoy AH
06'C v6l (s¥8°TI-Th) T0ET (€561—CE1) ¥6L 0°€ll 86T Anunoo i noyzurg y/e)
780 Al (0s€v—¢€6) TLS (62S1-001) $69 0°€IT 78T UOpIES d[quioBon eyssuey) euIy) ‘Ueungy SO
120 099 (99L°1€-+9¢D) ST6'vT  (06S TLI-0EETT) 0E9°1L L901 6'CC  OuIl OSOUBSURIA] onz3uoy) X
90°0 19§ (S81°01-809) 2065 (18T°€8T—6908) £0S+01 TLOT €¢C  oulw osoueSuBy onzguoy) aL
19°0 L98 (LzTs—cen) 1€0T (188°€1-60L) LI€€E I'T11 L'ST  oulll dSOUBSUBIA] noyzueng Z0
€0 0°501 (869°71-LS8) T¥LY (ISL'6¥—CI€T) 8281 8011 LyT  oulu osoueSuey d[Surd 1d
¥6°0 I'ss (€L98-¥LT) 0L6€ (060°51-892) TITH YOll 9'bC  oullu pauopueqy ndry d1
¥0°0 STL (8TIST-LLID TI6L  (#89°STS—E€ETS) 9L6'LLI €011 §'€C  dumu pauopueqy Surding do
89'[ T8l (S0L£-9¢€) L16 (8%LT—T9) 9%S €011 15T uopies otuejog urmo g i)

80 0671 (69€°S1-6697) 6¥€8 (0L8°05-8TTE) TEF 01 €601 0'bc  oull dSoUBSURA uiqre ] euly) ‘Ixsuenn p:|
LY'0 I'€L (686%—1) TI8I (01L°91-157) T8¢ SLII 60¢ 180105 uadQ SunSuog, DL
€Le €L (099°71-58) 99T+ (S¥Tr—€0€) €vll 6'LIT 6'0¢ Ardyouwig SunSuog, ZS
¥1°0 €0 (90¥1-T15) 86T (T165-089) TI1T 0811 6'0¢ opIs peoy SurSuog, eury) ‘myuy HA
dvea (89 Sw) uNSH (,_89 Sw) uN'T (,8Y Sw) uNSL  opmiSuo]  epmne] eNqeH uoneoo | soura0ly  9pod “dod

soyis pajduues ur s10j0ej UOHE[NIINOOLOIq PUE (UJA) dSOUESUBW JO SUOHENUAIUOD PUE SIAIPNIS Y} UL PASN S[RLISIEW DUDILIDUD DIIV]OJAYJ SY) JO S[IEJ0 | d[qBL

pringer

A's



Plant Soil (2015) 396:215-227 219

- .
E 8] L2222 RIG] g HF:HNO5:HCIO4 (4:1:1, v/v/v) was used to digest the
£ soil materials. The total Mn concentrations in the solu-
o~ % tions were determined by inductively coupled plasma
2 g atomic emission spectrometry (ICP-AES, Optima 3300
g % DV, Perkin-Elmer, Waltham, MA, USA).
~ o .
S| - w o 5 Five samples were selected randomly from each pop-
P12 LT Rd03 & ulation for the determination of CaCl,-extractable Mn
£ concentrations in the soils. Air-dried soil materials were
g mixed with 10 mM CaCl, for 1 h and then centrifuged
= . % . e (1157%g, 15 min). The supernatant solution was mixed
Tﬁ) 22998925 % with HNO; (10:1, v/v) after filtration through paper and
— O O
5 I &% % i g‘ ? 7 E{r :L af 2 subsequently analysed for CaCl,-extractable Mn by
S|lesesTeer T2 s ICP-AES (Optima 3300 DV, Perkin-Elmer).
2|5 3¢8 2338 e Lou’ To determine the concentrations of chlorophyll and
8 carotenoid pigments, the photosynthetic pigments were
ig’ first extracted by macerating 0.10 g of leaves in a mortar
é and pestle containing 10 mL 95 % ethanol. The absorp-
o § 9 g § tions of the extracts at 470, 649 and 665 nm were
2 E % § § § @ % g ﬁ Ql 5 measured spectrophotometrically (UV-2450,
§ % £Ea T %L 172351 ¢8 Shimadzu, Tokyo, Japan). The concentrations (mg g '
= < > 5 % g < % E % 5 = fresh leaf mass) of chlorophyll @, chlorophyll b and total
ElaS2cgdasaagco 2 carotenoids were then calculated using the equations of
5 Lichtenthaler and Wellburn (1983).
= = An ANOVA test was used to distinguish the effects
Bl 229205 00 2 of habitat type (H) and populations (P) on Mn accumu-
Sl==2222=2=2=22 B lation in leaves. Two habitat group levels were identified
o s using the Thai soil quality standards for habitat and
E i agriculture. SPSS software (ver. 17.0; SPSS Inc.,
El - ow oo ae o Ll .
Slddaacgsaagaaq|s Chicago, IL, USA) was used for the ANOVA. Data
= were analysed for correlations, and significant differ-
9 =] ences among means were determined using the LSD
2 8 E 8 = 2 test at P<0.05.
S EZgEZ LY EEL f
sl ® 58 R 5§ 2 a2 3 & »«
£l 5 & —§ & BEETE LG S Molecular surveys
< 2 5 3 &2 3 8 88 alk
T| 0O A0 KRERELLEO| 4
= Development of microsatellite markers
. g
= =}
g @ o el §6 % e e = —?; % We isolated microsatellite regions from P americana
3= == = E . . . .
§ g5 § E %‘) é % % | 5 using the compound microsatellite marker technique
S| Z2ZNwnx s =S8 2| 8 (Lian et al. 2006). In total, 168 sequences were found
. é 5 to contain (AC)s (AG), or (TC)g¢ (AC), compound
.g é s | s & simple sequence repeat (SSR) motifs, of which 90 pos-
o | © b gl 3 § sessed unique sequences with sufficient flanking re-
—_ g 2 g S IR . for desieni ifi . A ifi .
T|El8& £ EARE gions for designing specific primers. A specific primer
E 2| E N el <3 (IP1) was designed from the sequence flanking the
= Q . . . . .
S s 8 compound SSR, and primer pairs, including a specific
- 2 5 E primer (IP1) and the corresponding compound SSR
2| 2 S primer (AC)-(AG); or (TC);(AC);, were used as pairs
C] o E wn B > >~ N E E 2 E SIS . .
El e FEOU LT = 3 of compound SSR markers. To examine polymorphisms
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with these designed primer pairs, one or two individuals
of P. americana were chosen randomly from the 39
populations sampled. PCR amplification was performed
with Biotag DNA polymerase (Bioline Ltd., London,
UK) in a 5 pL reaction mixture containing ~30 ng
template DNA, 2 mM dNTP, 1x NH, reaction buffer,
1.35 mM MgCl,, 0.2 U of Biotaqg, 0.5 uM of IP1 and
0.5 uM of Texas Red-labelled compound SSR primer,
i.e. (AC)7(AG); or (TC)7(AC);. The PCR cycling con-
ditions were as follows: 1 min at 94 °C, followed by
30 cycles of 30 s at 94 °C, 30 s at the annealing
temperature for each designed specific primer, | min at
72 °C and a 5 min extension at 72 °C for the final cycle.
The reaction products were electrophoresed on a 6 %
Long Ranger sequencing gel (FMC BioProducts,
Rockland, ME, USA) using an SQ-5500E sequencer
(Hitachi, Tokyo, Japan). The electrophoretic patterns
were analysed using Fraglys software (ver. 3; Hitachi,
Tokyo, Japan). Ultimately, only five polymorphic SSR
loci were found, and these were used for molecular
variation analyses of the 39 populations (Table S1).

Molecular variation analysis

nSSR genotyping We investigated molecular variation
within and among the 39 populations using five pairs of
SSR loci (Table S1). About 30 individual plants were
selected randomly from each population, and 821 of
these were genotyped. The PCR analyses were per-
formed as described above.

Genetic diversity To characterise the microsatellite loci
in P. americana, we used Cervus software (ver. 3.0;
Kalinowski et al. 2007) to calculate the following pa-
rameters for each locus: the number of alleles (Na),
observed heterozygosity (Ho) and expected heterozy-
gosity (He). The number of observed alleles per popu-
lation (NV4), observed (Ho) and expected (He) heterozy-
gosities were calculated with GenAlEx software (ver.
6.5; Peakall and Smouse 2012).

Population genetic structure A hierarchical analysis of
molecular variance (AMOVA) performed with ARLE
QUIN software (ver. 3.5; Excoffier and Lischer 2010)
was used to partition the molecular variance within and
among populations and among different groups of pop-
ulations. Fixation indices were computed and tested by
permutations for each hierarchical level in the genetic
structure: Fig for variation among individuals with
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populations, Fsc for variation among populations with-
in groups and Fcr for variation between groups of
populations. The significance of each variance compo-
nent was tested by iterations through 10,000 permuta-
tions. To characterise population structure, we per-
formed Bayesian clustering (implemented in Structure
ver. 2.3 software; Pritchard et al. 2010) on the entire
nSSR dataset through 100,000 Markov chain Monte
Carlo (MCMC) cycles (after discarding the first
10,000 cycles as burn-in); we used the admixture model
with independent allele frequencies. Ten replications
were performed for each K (in the range: K=1-10),
and the optimal K was estimated (following Evanno
et al. (2005)) based on the parameter AK, which evalu-
ates the second-order rate of change of the likelihood
function with respect to K.

Results

Manganese accumulation in populations
of P americana from contaminated and uncontaminated
sites

We found considerable variation in leaf and soil Mn
among the 42 sites (Table 1). The maximum and mini-
mum Mn levels in the soils were 178,000 mg kg™ (at
site GP) and 136 mg kg ' (at site ZJ), respectively.
Although the Mn concentrations in the soils at some
sites were high, no Mn toxicity symptoms were seen in
P. americana. The Mn concentrations in the leaves of
different populations also varied greatly between a max-
imum of 14,900 mg kg ' in the XL population and a
minimum of 114 mg kg ' in the ZJ population. On a
logarithmic scale, the concentration of Mn in the leaves
was significantly correlated with the total concentration
of Mn in the soils (Fig. 1, R*=0.3907, P<0.0001). The
relationship between Mn concentration in the leaves and
CaCl,-extractable Mn in the soils was also significant
(R*=0.6590, P<0.0001).

The bioaccumulation factor (BAF) is the ratio of
metal concentration in the dry plant shoot to that in the
soil in which the plant grows. P. americana had high
BAF ratios. The mean Mn BAF for the 42 sites was
1.58, and BAF values in 38 % of the populations were
>1.0 (Table 1). The BAF ratio decreased significantly
with increasing Mn concentration in the soils (Fig. 1,
R*=0.6154, P<0.0001).
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Fig. 1 Relationships between a the concentration (mg kg ') of
manganese (Mn) in leaves of Phytolacca americana plants and the
soil in which they grow and b the bioaccumulation factor (BAF) of
P. americana plants and the concentration (mg kg ") of Mn in the
soil in which they grow

We found a significant effect of Mn habitat type (H)
on the Mn concentration in leaves collected by field
survey (ANOVA). In general, plants from high-Mn hab-
itats had significantly higher leaf Mn concentrations
than those from ‘normal’ habitats (F=195.00;
P<0.01). We also found a significant effect of popula-
tions (P) on the Mn concentration in the leaves (F=
50.70; P<0.01).

Plant growth and Mn accumulation in common garden
experiments

The Mn concentrations in leaves, stems and roots of all
five populations increased markedly with increasing soil
Mn concentration (Fig. 2a). At all levels of Mn treat-
ment, the leaves from all five populations accumulated
more Mn than the stems or roots. The highest Mn
concentration in the leaves of P. americana
(29,985 mg kg ' dry wt.) occurred in plants from the
JT population subjected to the 10 mM Mn treatment. We
detected no significant differences in the Mn concentra-
tions of roots, stems or leaves among the five

populations. In contrast, the effects of Mn treatments
on growth were not consistent among the five popula-
tions (Fig 2b, ¢). The 2 mM Mn treatment inhibited root
elongation in YS but had an enhancing effect on root
growth in the remaining four populations. The biomass
of the roots and shoots subjected to this treatment in-
creased in the Y'S and TS populations but decreased in
the other three. Root elongation was reduced in the YS
and JT populations but enhanced in the other three
populations subjected to 10 mM Mn treatment. The
biomasses of roots decreased in all of five populations
subjected to this treatment; shoot biomasses increased in
the MX and JT populations but decreased in the other
three populations. The concentrations of chlorophyll «,
chlorophyll b and carotenoid pigments of all five popu-
lations decreased with increasing Mn concentrations in
the nutrient solutions (Fig 2d).

Molecular variation analysis

In total, we assessed 821 individuals from 39 popula-
tions of P. americana by microsatellite analysis. We
detected a total of 17 alleles in the survey of five micro-
satellite loci; 2—4 alleles were detected for each locus
(Table S1) and 16 genotypes identified (Table S2). The
expected (He) heterozygosity of the loci estimated
across all populations ranged from 0.045 to 0.094.
Among the 39 populations, 32 (82 %) were monomor-
phic for one dominant genotype (A). The remaining
seven populations had more than one genotype
(Table S3). The observed heterozygosity was zero in
all populations; thus, all alleles within the individuals
were homozygous. Across all populations, population
MX had the largest number of alleles per locus (2.8) and
the highest expected heterozygosity (0.53).

The AMOVA tested whether population groupings
based on geographical distributions or on habitat pollu-
tion were related to an uneven distribution in genetic
variance (Table 2). To group the 39 populations geo-
graphically, we divided them into seven groups by sub-
ordinate provinces and counties. We classified popula-
tions into two habitat pollution groups: polluted and
unpolluted, based on the Mn concentrations in the soils.
We found no significant genetic variance attributable to
grouping based on geographic location (P=0.061) or
habitat pollution (P=0.828). A hierarchical AMOVA
demonstrated that only a small proportion of genetic
variance (0.35 %) was explained by grouping into pol-
luted and unpolluted habitats, compared to 44.65 % of
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variance among populations within these habitat groups
(P<0.001) and 55.00 % within populations (P<0.001).
We estimated a moderate proportion genetic variance
(21.25 %) attributable to grouping into seven geograph-
ical categories.

In our structure analysis, the number of clusters (K) in
the data should have been four since the AK statistic of
Evanno et al. (2005) allows detection of a rate change in
In p(D) corresponding to K=4 (Fig. 3a). All individuals
were assigned to four clusters (clusters 1 [red], 2 [green],
3 [blue] and 4 [yellow]) (Fig. 3b). Most individuals
(93.7 %) from the 42 sites fell within clusters 1 (28 %),
2 (36 %) and 3 (36 %). Some individuals from the MX
and GL populations were assigned to cluster 4, and they
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accounted for 51.3 and 15 % of individuals in these two
populations, respectively. Most individuals in the QZ
population (96.4 %) were assigned to cluster 1. When
combined with the results of the AMOVA, this procedure
demonstrated that there was no correlation between the
clusters by structure analysis or by pollution habitat.

Discussion

We used a combination of ecological experiments and
genetic analyses to study the major factors influencing
heavy metal variation in the leaves of P. americana. We
found no genetic variation between populations of
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Table 2 Hierarchical analysis of molecular variance for microsatellite variation surveyed in the 39 populations of Phytolacca americana

Source of variation d.f. Sum of squares Variance % total F, P value
Geographical partition®
Between groups 6 61.13 0.0365 21.25 Fcr=0.212 P=0.061
Among populations within groups 32 64.33 0.04424 25.76 Fsc=0.327%**
Within populations 782 142.353 0.09102 52.99 Fis=1.00%%*
Total 820 267.81 0.17176
Polluted habitats partition®
Between groups 1 3.75 0.00057 0.35 Fcr=0.003 P=0.828
Among populations within groups 7 121.71 0.07389 44.65 F5c=0.448%**
Within populations 782 142.35 0.09102 55.00 Fg=1.000%**
Total 820 267.81 0.16549
d.f. degrees of freedom
**%P<(.001

# Geographical partition according to population subordinate provinces and countries

®Polluted habitats partition according to the Mn concentration in soil, and the maximum soil Mn for unpolluted habitat was 1800 mg kg '

based on soil quality standards for habitat and agriculture in Thailand

P americana from contaminated and uncontaminated
sites. Leaf Mn concentrations were related to habitat
conditions and not to the provenance of the seeds.

Our field surveys showed that P. americana is highly
adapted to a wide range of soil Mn concentrations. In the
XL population, leaf Mn concentrations reached

35
30
25

20

14,900 mg kg '. A comparison with the range of foliar
Mn levels across diverse plant species (Reeves and
Baker 2000; Epstein and Bloom 2005; Marschner
2011) leaves no doubt that P. americana is highly toler-
ant of heavy metal contamination. The species is also
highly tolerant of cadmium pollution (Liu et al. 2010).

2 3 4 5

7 8 9
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B

0.80
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1234567 3

Fig. 3 Summary of structure analyses based on nuclear microsat-
ellite (nSSR) data collected from 821 individuals (in 39 popula-
tions) of Phytolacca americana. Numbers of clusters (K) varied
from / to 10 in 10 independent runs. a Plot of the corresponding
AK statistics calculated using the procedures Evanno et al. (2005).
b Bar diagram of a structure analysis for the model with K=4 (i.e.

9 1011 1213 1415 16 171819 20 21 22 2394 25 26 27 28 2930 31 3233 3435 36 37 38 39

with the highest AK). Each colour corresponds to a suggested
cluster, and each vertical bar represents a single individual. The y-
axis indicates the proportion of an individual’s genome assigned to
a given cluster. The x-axis refers to the population number (e.g. 1=
JK)
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Persistence under these adverse conditions may reflect
adaptive evolution in P. americana.

Our genetic diversity survey aimed to determine
whether there was a relationship between genetic varia-
tion and P. americana adaptation to Mn-contaminated
habitats. We designed and tested many primers; howev-
er, only five pairs of microsatellite primers were poly-
morphic. We found little or no genetic diversity among
the populations of P. americana we studied in China.
With the exception of the MX population (Hg=0.53),
little genetic diversity was observed in either contami-
nated or uncontaminated populations. Most populations
contained only one widely distributed genotype (A). All
821 individuals in the 39 populations examined were
homozygotic, suggesting that selfing may be the main
mating system of P. americana, as reported in previous
studies; clonal reproduction also occurs, but apomixis
has not been observed (Armesto et al. 1983).

Outcrossing alien species that have been introduced
to new locations on multiple occasions generally have
extensive genetic variation from which locally adapted
ecotypes differentiate in a wide range of habitats under
the influence of natural selection (Bossdorf et al. 2010).
In contrast, some invaders with fewer introductions,
inbreeding and clonal reproduction usually have low
levels of genetic variation. Meanwhile, Dlugosch and
Parker (2008) found that a decrease in genetic variance
did not reduce the species’ phenotypic variance in their
study. Based on the structure analysis, we concluded
that P americana in China originated from four ances-
tral gene pools. Three (clusters 1, 2 and 3) had already
been mixed in a single pool by hybridisation before the
species was introduced to China. Most of the popula-
tions in China were members of this mixing pool and
had representative genotype A; the MX population
came from another ancestral gene pool (cluster 4).
Thus, P americana in China may have been introduced
on only a few occasions, perhaps just one. According to
existing records, native North American P. americana
was introduced into China less than a century ago
(Pollard et al. 2009; Qiang unpublished information).
The founding populations in China may contain only
subset of the genetic diversity in North American pop-
ulations. Extant Chinese populations of P. americana
growing in different habitats may represent genetically
identical clonal offspring of a single ancestor.

Baker (1965) was the first to indicate that some
colonising species may possess ‘general-purpose geno-
types’. Bossdorf et al. (2008) further suggested that these
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species are able to thrive in a wide range of environmen-
tal conditions through adaptive phenotypic or develop-
mental plasticity. Phenotypic plasticity can increase fit-
ness and may contribute to plant persistence in a wide
range of habitats (Richards et al. 2008, 2012). Genotype
A of P. americana may also be a general-purpose geno-
type. In such clonally invasive species, plasticity may
emerge as the primary strategy for coping with conditions
in a wide range of habitats (Geng et al. 2007). The
phenotypic variation among P. americana individuals
that we encountered in the field may be attributed to
phenotypic plasticity, rather than ecotypic differentiation.
Thus, even though surprisingly large losses of heterozy-
gosity have occurred in P. americana, phenotypic plas-
ticity may contribute to the persistence of this species in
adverse environments, such as a heavy metal-
contaminated habitats. Moreover, P americana has traits
that favour range expansion, including features that pro-
mote long distance dispersal of seeds by birds; these traits
contribute to overcoming the disadvantage of limited
genetic variation (Armesto et al. 1983; Orrock 2005).
Thus, P americana has become a successful invader in
China and has adapted to a range of heavy metal-
contaminated environments.

On their own, the data obtained from microsatellite
marker analysis do not discount the possibility of a
genetic strategy for evolutionary adaptation to local
habitats because microsatellites are neutral molecular
markers that may not capture the genetic differentiation
of an ecologically important quantitative trait (McKay
etal. 2001; Bekessy et al. 2003). Thus, common garden
experiments were also necessary to provide a robust test
able to differentiate potential plasticity from genetic
variation strategies of P. americana. In our comparison
of Mn uptake by five P. americana populations from
different habitats grown together in common garden
experiments, we found that the Mn concentrations in
the roots and shoots of all five populations increased
markedly with increasing Mn concentration in the
growth medium. No significant differences in plant
tissue Mn concentrations were found between the five
populations. The Mn concentrations in P. americana
were related only to the Mn concentrations in the hab-
itat, regardless of the origin of the seeds. Thus, we found
no ecotype differentiation across the populations of
P americana from different habitats. Pollard et al.
(2009) reported that P americana populations in the
native range in the southeastern USA also have a latent
physiological ability to hyperaccumulate Mn.
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Most known Mn hyperaccumulators are woody spe-
cies (Reeves and Baker 2000). Fernando et al. (2007)
studied the natural variability in leaf Mn accumulation
in the tree species Gossia bidwillii, which is a Mn
hyperaccumulator, and demonstrated that Mn
hyperaccumulation occurred across multiple popula-
tions over a large region regardless of the substrate Mn
supply. These data, in combination with a genetic diver-
sity experiment, suggest that genetic variation is unlike-
ly to account for the abundance of P. americana across a
wide range of habitats in China. Thus, phenotypic plas-
ticity may be the major contributor to the success of
P. americana in colonising stressful habitats, such as
heavy metal-contaminated soils. Similar patterns have
been reported in Thlaspi caerulescens; Jiménez-Ambriz
et al. (2007) found that the divergent selection pressure
exerted by soil toxicity played a predominant role in
shaping life history differences between ecotypes of
T. caerulescens in southern France. Gene flow weakly
opposed local adaptation, despite the geographical prox-
imity of populations studied.

Several recent investigations have shown that pheno-
typic plasticity can be mediated through epigenetic ef-
fects (Scoville et al. 2011; Kilvitis et al. 2014).
Epigenetic states may be altered when organisms are
exposed to stressful or novel environments, and these
epigenetic shifts can rapidly generate a source of phe-
notypic variation without any change in genetic varia-
tion, thereby ultimately affecting the evolution of popu-
lations (Bossdorfet al. 2008; Richards et al. 2012). For a
better understanding of adaptive evolution in
P americana, future analyses of amplified fragment
length polymorphism (AFLP) and methylation
sensitive-AFLP (MS-AFLP) will be combined to com-
pare genetic and epigenetic diversity between heavy
metal-contaminated and normal habitats.

Conclusions

Mn concentrations in P. americana leaves were found to
be largely dependent on soil Mn concentration. Under
common hydroponic conditions, populations collected
from uncontaminated and contaminated sites accumu-
lated similar amounts of Mn in their leaves, suggesting
that ecotype differentiation had not occurred among the
populations of P americana growing in different habi-
tats. We detected limited genetic variation among pop-
ulations in China and no genetic differentiation between

populations from contaminated and uncontaminated
soil. Thus, genetic variation may not account for the
success of P americana across a wide range of habitats
in China. The plasticity of ecologically relevant traits,
such as Mn accumulation, plays a major role in the
success of this invasive species in colonising heavy
metal-contaminated environments.
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