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Abstract: The increasingly serious problem of acid rain is leading to increased potassium (K) loss from soils, and in our field
investigation, we found that even congenerically relative Mosla species show different tolerance to K-deficiency. A hydroponic
study was conducted on the growth of two Mosla species and their morphological, physiological and stoichiometric traits in
response to limited (0.35 mmol K/L), normal (3.25 mmol K/L) and excessive (6.50 mmol K/L) K concentrations. Mosla hang-
chowensis is an endangered plant, whereas Mosla dianthera a widespread weed. In the case of M. hangchowensis, in comparison
with normal K concentration, K-limitation induced a significant reduction in net photosynthetic rate (P,), soluble protein content,
and superoxide dismutase (SOD) activity, but an increase in malondialdehyde (MDA) concentration. However, leaf mass ratio
(LMR) and root mass ratio (RMR) were changed little by K-limitation. In contrast, for M. dianthera, K-limitation had little effect
on Py, soluble protein content, SOD activity, and MDA concentration, but increased LMR and RMR. Critical values of N (ni-
trogen):K and K:P (phosphorus) ratios in the shoots indicated that limitation in acquiring K occurred under K-limited conditions
for M. hangchowensis but not for M. dianthera. We found that low K content in natural habitats was a restrictive factor in the
growth and distribution of M. hangchowensis, and soil K-deficiency caused by acid rain worsened the situation of M. hang-
chowensis, while M. dianthera could well acclimate to the increasing K-deficiency. We suggest that controlling the acid rain and
applying K fertilizers may be an effective way to rescue the endangered M. hangchowensis.
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INTRODUCTION 1983). This will probably lead to nutrient deficiency.

Potassium (K) is one of the most important metal

The increasingly serious problem of acid rain due
to industrialization and anthropogenic activities has
resulted in ecological concerns worldwide, especially
in China during the past decades (Fig.1) (Zhang et al.,
2007). The negatively charged nitrate and sulphate
ions in acid rain may act as “counter-ions,” which
allow cations such as potassium (K"), sodium (Na"),
calcium (Ca®") and magnesium (Mg”") to be leached
from the soil and become unavailable to plants (Ivring,
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elements influencing plant metabolism, growth and
development (Marschner, 1995; Jia et al., 2008). Al-
though the relationship between K supply and growth
or physiological traits has been studied extensively in
cultivated plants (Marschner, 1995; Basile et al.,
2003), the relationship between K supply and growth,
physiological or morphological traits in wild plants
has received less attention (Chapin, 1980; Marschner,
1995). This is especially so for comparisons between
endangered species and their weedy congeners.
Mosla hangchowensis Matsuda (Lamiaceae), an
endangered annual in China, has only five small (each
is less than 4 m?) local populations in the Yangtze
River Delta region, where the acid rain problems are
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Fig.1 Nationwide acid rain pattern in 2006 (MEP,
2007) and the distribution ranges of M. hangchowensis
and M. dianthera in China

increasingly serious. Its habitats are limited to the top
of rocky hills and/or roadsides beside gravel in higher
mountainous regions (Chang et al., 1999; Ge and
Chang, 2001). Its congeneric species, Mosla dian-
thera (Buch.-Ham.) Maxim, is widely distributed
from northeast to southeast of Asia and in the center
regions in China, and it is often a dominant species in
the communities. Its habitats range from arid hills to
the edge of wetlands and its distribution overlaps with
that of M. hangchowensis (Fang et al., 1989).

In our previous analysis of 16 essential elements,
we found that all but K concentrations in plant tissues
of M. hangchowensis were within the normal ranges
reported for most herbaceous species (Ge et al., 1997).
We also found that soil-available K content (0~20 cm
deep soil) under M. hangchowensis communities was
higher than that in similar habitats without M. hang-
chowensis, (101.3£5.3) and (60.1£13.8) mg K/kg soil,
respectively (P<0.05), with the soil-available K
measured by Flame Atomic Absorption Spectrometry
with the extraction solution of NH4OAc according to
Bao (2005). However, the widespread M. dianthera
that was distributed in similar habitat to that of M.
hangchowensis had normal K concentrations in plant
tissues.

M. hangchowensis is more restricted to com-
paratively higher K habitats than M. dianthera, one
presumption of which is that this species has low
capacity to assimilate soil K, regardless of soil K
content in the habitats. According to Tilman (1980),
the abilities of species in acquiring and using limiting
nutrients determine their competitive success in the
community. The reduced success of species with
lower ability is especially obvious when the element

content is low in their habitats. Therefore, it seems
possible that M. hangchowensis is out-competed in
habitats where the K content is low. The increasingly
serious problem of acid rain in the Yangtze River
Delta where the two Mosla species co-occur has a
remarkable effect in reducing K content of habitats
(Wang et al.,2003; Mou and Zhu, 2005), and thus has
an ongoing influence on Mosla species.

Here, we report a comparative study on the
growth of M. hangchowensis and M. dianthera and
their morphological, physiological and stoichiomet-
rical responses to three levels of K supply represent-
ing limited, normal and excessive K availabilities.
The particular objectives were (1) to compare the
performance of the two species under the different K
concentrations, (2) to establish whether M. hang-
chowensis has a lower ability to acquire K than M.
dianthera, and (3) to predict the future population
fates of the two congeneric species in face of soil K
changes resulting from the increasingly serious
problem of acid rain.

MATERIALS AND METHODS

Plant materials

Seedlings of the two species were collected in
April 2003 from two co-occurring natural populations
on Wuchao Mountain (120°00" E, 30°12’ N), which is
located in Hangzhou, southeastern China. The seed-
lings were grown at Hangzhou Botanical Garden
(120°16" E, 30°15’" N) under natural conditions until
seeds could be harvested, and were then air-dried and
stored in a refrigerator (4 °C) (SC-329GA, Haier
Group, China) in November 2003. Seeds were ger-
minated in early May 2004 in trays of peat (Sunshine
Mix 6, Sun Gro Horticulture Canada Ltd.) and main-
tained in growth chambers with a 16-h photoperiod,
day/night temperatures of 25/15 °C, relative humidity
of 70%~80%, and irradiance (4=400~700 nm) of
approximately 250 pmol photon/(m*s). When the
height of plants reached about 4 cm, the seedlings
were transplanted to plastic containers (39 cmx29
cmx12 cm), which were filled with different concen-
trations of Knop’s solution and continuously aerated
by air pumps (Farr, 1925). Plants were grown for 10
weeks in a greenhouse in the College of Life Science,
Zhejiang University, Hangzhou (120°05" E, 30°18' N)
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with 70% full ambient irradiance. The average daily
temperature ranged from 20 to 36 °C during the ex-
periment, which lasted from early May to mid July
2004.

Experimental design

The experiment used a 2%3x6 randomized
complete block design (RCBD) with a total of 432
plants (432=2 speciesx3 K concentrationsx6 blocksx
12 plants per box within each block). Twelve seed-
lings of each species were randomly selected and
planted (supported by a foam plug) in each container,
with one seedling in each grid cell. The foam plug
provided room for stem expansion as the plant grew.
Evaporation of water from the container was pre-
vented by airproofing the foam plug with lanolin. The
three K concentrations were: (1) control, referred to
as the K3 treatment, continuously received normal
Knop’s nutrient solution containing 3.25 mmol K/L,
representing K concentrations in the soil solution
under normal field conditions; (2) the K-limiting
treatment, referred to as the KO treatment, continu-
ously received normal Knop’s nutrient solution con-
taining 0.35 mmol K/L, representing K concentra-
tions under field conditions for soils with low K
availability (Nisbet and Shaw, 1996; Reisenauer,
1966); and (3) the excess K treatment, referred to as
the K6 treatment, received the nutrient solution con-
taining 6.50 mmol K/L, reflecting K concentrations in
soils with high K availability due to dry K deposition
(Luo et al., 2006). A combination of KCI, NaH,PO,,
and NaNO; was utilized to maintain equal K', Na*

and NO; concentrations. The solutions were re-

newed once a week.

Measurements and calculation

Measurements were conducted in mid July when
the species were growing vigorously. Crown dimen-
sion (defined as the product of crown width measured
in two perpendicular directions) and above ground
height of the plants were measured. Six out of the 12
plants in each container were selected randomly. The
rate of net photosynthesis rate (P,) was measured
between 09:00 and 11:00 a.m. using a portable gas
exchange system (Model LCA-4, ADC Ltd., Hod-
desdon, UK), and the CO, concentration and tem-
perature in the leaf chamber were maintained at 360
umol CO,/mol and 25 °C, respectively. The extrac-

tion of soluble protein was carried out according to
Jordan et al.(1992) and determined with Folin-
Ciocalteu reagent according to Lowry et al.(1951).
The activity of superoxide dismutase (SOD) was
assayed by measuring its ability to inhibit the pho-
tochemical reduction of nitro blue tetrazolium (NBT)
(Beauchamp and Fridovich, 1971). Malondialdehyde
(MDA) concentration was measured by the thiobar-
bituric acid reaction (Stewart and Bewley, 1980).
After these measurements the plants were harvested
and separated into leaves, stems and roots. All sam-
ples were then dried in an oven at 80 °C for at least 48
h to constant weight. Height ratio (HR, height per unit
biomass), leaf mass ratio (LMR, leaf mass/total mass)
and root mass ratio (RMR, root mass/total mass) were
calculated according to Hunt (1978) and Sakai (1995).
Stem mass ratio (SMR, stem mass/total mass) was not
examined, since only two of the three allocation traits
(LMR, SMR and RMR) were independent variables.
The plant samples were then ground and ana-
lyzed for N concentration using Nessler’s reagent
(Yuen and Pollard, 1952) after the samples were di-
gested with H,SO4/H,0, (Bao, 2005). The analyses of
K and P concentrations in the digests were conducted
using a Thermo Electron Corp. IRIS Intrepid II In-
ductively Coupled Plasma Atomic Emission Spec-
trometry (ICP-AES) (Waltham, MA, USA). Nutrient
concentrations are reported for the dry weights of leaf,
shoot (leaves plus stems), and whole plant bases.

Statistical analysis

Statistical analysis was conducted using SPSS
15.0 for Windows (SPSS Inc., Chicago, Illinois,
USA). Normality of the dataset was tested by the
Shapiro-Wilks test and the result showed that data
transformations were not required. The Levene’s test
conducted using the general linear model (GLM)
procedure showed that the data had homogeneous
variances. Since there was no significant speciesxK
treatment interaction, the treatment effects on bio-
mass production, crown dimension, height, and HR
and the differences between species were tested using
a two-way analysis of variance (ANOVA) followed
by least significant difference (LSD) test to compare
the main effect in GLM univariate procedure. The
effects of species, K treatments and their interaction
on LMR, RMR, P,, soluble protein concentration,
MDA concentration, SOD activity, and tissue K, N
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and P concentrations were tested by general linear
mixed model in SPSS, with species and K treatments
as fixed factors. All data are presented as
mean+tstandard error (SE), and statistical significance
was determined at P<0.05.

RESULTS

Growth and morphological response to different
K treatments
There were no significant differences between
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Fig.2 Main effects of species (MH: M. hangchowensis; MD: M. dianthera) and K treatments (K0: 0.35 mmol K/L;
K3: 3.25 mmol K/L; Ké6: 6.50 mmol K/L) on (a) biomass production, (b) crown dimension, (c¢) height, and (d) HR

(height ratio)

Error bars are standard errors. Different letters in each graph indicate significant differences (P<0.05) between species or

among K treatments

0.8
(a) 0O M. hangchowensis
W M. dianthera
0.6 -
o
S 04
—
0.2
0

K treatment

0.3
(b) O M. hangchowensis
W M. dianthera
| l—\a a
0.2 a ab
~
0.1}
0 1 1
KO K3 K6

K treatment

Fig.3 Comparison of (a) LMR (leaf mass ratio) and (b) RMR (root mass ratio) of M. hangchowensis and M. dianthera
under different K treatments (K0: 0.35 mmol K/L; K3: 3.25 mmol K/L; K6: 6.50 mmol K/L)
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Table 1 ANOVA results for the effects of species, K treatments and their interaction on biomass production,
morphological and physiological traits, K, N, P concentrations in tissues, and shoot N:K and K:P ratios of M.

hangchowensis and M. dianthera

Species K treatment SpeciesxK

Parameters
F value P value F value P value F value P value
Biomass production 16.71 0.001 4.28 0.037 1.84 0.198
Crown dimension 10.34 0.007 6.54 0.011 0.60 0.564
Height 2.99 0.108 6.39 0.012 2.52 0.119
HR 7.39 0.018 0.48 0.630 0.95 0.412
LMR 26.35 <0.001 31.82 <0.001 8.56 0.004
RMR 0.11 0.750 8.86 0.004 41.17 <0.001
P, 1.49 0.232 25.25 <0.001 5.74 0.008
Soluble protein concentration 200.16 <0.001 4.48 0.026 39.56 <0.001
MDA concentration 4.76 0.037 4.04 0.028 1.24 0.030
SOD activity 37.19 <0.001 3.44 0.046 11.48 <0.001
K concentration Leaf 1.73 0.236 1747.79 <0.001 106.70 <0.001
Shoot 9.20 0.023 139.57 <0.001 6.94 0.028
Plant 28.02 0.002 375.26 <0.001 14.99 0.005
N concentration Leaf 9.54 0.021 17.61 0.003 23.26 0.001
Shoot 0.12 0.743 1.45 0.307 27.09 0.001
Plant 2.31 0.179 13.68 0.006 141.02 <0.001
P concentration Leaf 0.41 0.544 1.29 0.341 2.92 0.130
Shoot 9.27 0.023 1.22 0.361 2.06 0.209
Plant 2.10 0.198 9.44 0.014 7.19 0.026

HR: height ratio; LMR: leaf biomass ratio; RMR: root biomass ratio; P,: net photosynthesis ratio, MDA: malondialdehyde; SOD:

superoxide dismutase. The P values less than 0.05 are highlighted

and K6, LMR of M. hangchowensis was significantly
higher than that of M. dianthera (P<0.05). RMR did
not change with increasing K supply for M. hang-
chowensis (P>0.05, Fig.3); while it was higher under
KO than under K3 for M. dianthera (P<0.05). Under
KO0, RMR of M. hangchowensis was significantly
lower than that of M. dianthera (P<0.05).

Response of physiological parameters to different
K treatments

There was no significant difference between K3
and K6 in any of the four physiological traits for either
species (P>0.05, Fig.4). For M. hangchowensis, P,
soluble protein content and SOD activity were lower
while MDA content was higher under KO than under
K3 (P<0.05). However, for M. dianthera, no differ-
ences were evident between KO and K3 for the four
traits measured (P>0.05). Under KO and K3, soluble
protein content of M. hangchowensis was higher than
that of M. dianthera (P<0.05). Under the same K
treatment, the SOD activity of M. hangchowensis was
lower than that of M. dianthera (P<0.05).

Response of stoichiometrical traits to different K
treatments

For M. hangchowensis, K concentrations in the
leaf, shoot (leaves plus stem) and whole plant in-
creased with K supply (P<0.05, Table 2), while for M.
dianthera, only leaf K concentration was higher under
K6 than under K3 (P<0.05). K concentrations in the
leaf, shoot and whole plant were all lower in M.
hangchowensis than in M. dianthera under KO
(P<0.05), while leaf K concentration was higher in M.
hangchowensis than in M. dianthera under K3
(P<0.05).

For M. hangchowensis, N concentrations in the
leaf, shoot and whole plant were all higher under K6
than under K3 (P<0.05, Table 2). N concentration in
the whole plant was higher under KO than under K3
(P<0.05). For M. dianthera, N concentrations in the
leaf, shoot and whole plant were all lower under KO
and K6 than under K3 (P<0.05). N concentrations of
the leaf, shoot and whole plant were all lower in M.
hangchowensis than in M. dianthera under K3, while
higher under K6 (P<0.05).
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P concentration in whole plant was unaffected
by KO and K6 in comparison with K3 for M. hang-
chowensis (P>0.05), while it was higher under KO and
K6 than under K3 for M. dianthera (P<0.05, Table 2).
Under K3, P concentration in the whole plant of M.
hangchowensis was higher than that of M. dianthera
(P<0.05).
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Induced variation in stoichiometrical traits by
different tissue K concentrations

Critical values for assessing nutrient limitation
have been developed for different plant species
(Marschner, 1995; Koerselman and Meuleman, 1996;
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Fig.4 Comparison of (a) net photosynthesis rate (2,), (b) soluble protein concentration, (¢) malondialdehyde (MDA)
content, and (d) superoxide dismutase (SOD) activity of M. hangchowensis and M. dianthera under different K
treatments (K0: 0.35 mmol K/L; K3: 3.25 mmol K/L; K6: 6.50 mmol K/L)
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Table 2 Comparison of N, P and K concentrations in M. hangchowensis and M. dianthera under different K treatments

K concentration (g’kg DW)

N concentration (g/kg DW)

P concentration (g’kg DW)

Leaf Shoot Plant Leaf Shoot Plant Leaf Shoot Plant

M. hangchowensis

KO  7.35£0.68¢c 6.07+0.56c 6.60+1.14b 17.05+2.55b 9.70+1.37b 12.36+1.78a 2.17+0.74 1.92+0.66 3.21+0.30a

K3  30.66+0.44b 22.94+1.30b 24.0242.41a 20.96+1.52b 8.53+0.64b 9.25+0.94b 2.23+0.81 1.98+0.44 2.69+0.19ab

K6 38.79+3.90a 30.43+2.51a 24.79+3.65a 31.18+2.16a 14.10+0.73a 12.19+1.02a 2.31+0.64 1.95+0.55 2.37+0.27b
M. dianthera

KO 29.85+2.32a" 28.70+2.19" 26.2142.96" 21.79+2.70b 10.59+1.09b 10.87+1.30b 2.69+0.35 2.50+0.33 3.24+0.41a

K3  26.08+2.28b" 26.13+4.75 22.63+4.83 36.71+0.42a" 14.60+0.37a" 13.03+0.43a" 2.30+0.07 2.02+0.09 1.85+0.09b"

K6 33.12+1.68a 31.39+2.84 27.20£2.85 23.6242.17b" 7.85+0.64c” 6.94+0.67c" 1.99+1.14 2.36+0.95 2.09+0.96a

K0: 0.35 mmol K/L; K3: 3.25 mmol K/L; K6: 6.50 mmol K/L. All data are expressed as mean+SE. Different lowercase letters following the values
in each column indicate significant differences (P<0.05) among K treatments for the same species and no letter means no significant in-

ter-treatment difference;

" indicates significant difference (P<0.05) between species under the same K treatment. DW=dry weight
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Aerts and Chapin, 2000). According to the often-used
critical values for general plants, tissue K concentra-
tion of 8 g/kg is considered the lowest amount for
plant growth (Marschner, 1995). We found that tissue
K concentration of M. hangchowensis under limited
K supply was below the critical value, 8 g K/kg dry
weight (DW) (Table 2 and Fig.5). However, for M.
dianthera, tissue K concentrations were all higher
than 20 g/kg DW under K-limited condition (Table 2
and Fig.5). It suggests that two species have different
K uptake ability when K supply is limited. While
under normal and excessive K conditions, tissue K
concentrations in both species were all within the
normal range found by Marschner (1995) for many
plant species (Table 2).
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Fig.5 Relationships between nutrient concentrations
with regard to critical tissue concentrations of nitrogen
(N), phosphorus (P), potassium (K) and the N:K, K:P
ratios in shoots (leaves plus stems) of M. hangchowensis
and M. dianthera under different K treatments. (a) N vs
K; (b)) Kvs P

Dotted lines represent critical tissue nutrient concentrations,
8 g/kg DW for K, 20 g/kg DW for N, and 1 g/kg DW for P
(Aerts and Chapin, 2000). DW: dry weight. The solid line
indicates the critical nutrient ratio (N:K=2.1:1, K:P=3.4:1)

To further assess the limitation that occurred in
M. hangchowensis under K-limited condition, we
evaluated tissue N:K and K:P ratios. Olde Venterink
et al.(2003) proposed that if shoot (leaves plus stem)
N:K ratio >2.1 and K:P ratio <3.4, then K-limitation
is implied. In current study, for M. hangchowensis,
N:K was higher than 2.1 and K:P was lower than 3.4,
showing that K-limitation was induced in M. hang-
chowensis under K-limited condition (Fig.5). How-
ever, for M. dianthera, the higher K concentration in
the shoot and the normal critical N:K and K:P ratios
both indicate its tolerance to low K, and no
K-limitation was implied.

Physiological response to variation in K concen-
trations

The basic roles that K plays in plants are to
promote osmotic adjustment, photosynthesis and
protein synthesis (Ashraf and Naz, 1994; Quintero et
al., 1998). We found that P, and K concentrations in
the leaf of M. hangchowensis, but not M. dianthera,
were significantly reduced by low K (Fig.4 and Table
2). In contrast, P, was not affected by the limited K
supply for M. dianthera, suggesting that the two
species had different physiological response patterns
to K supply. The lack of K-limitation effect on P, in
M. dianthera might be due to its efficient K uptake
mechanism because its tissue K concentrations were
little affected by the K-limitation and remained nor-
mal under K-limited condition (Table 2).

Soluble protein plays an important role in re-
ducing damage to plants under environmental stress
(Oncel et al., 2004). SOD reduces damage to the
electron transfer system (Halliwell, 1987) and re-
strains the formation of free radicals to activate the
antioxidant defense mechanism, which protects the
unsaturated membrane lipids, nucleic acids, enzymes
and other cellular structures from the harmful effects
of free radicals (Larson, 1988; Foyer et al., 1994).
MDA is a secondary end product of the oxidation of
polyunsaturated fatty acids and its amount may reflect
general lipid peroxidation (Stewart and Bewley,
1980). In the current study, K-limitation reduced the
soluble protein content and SOD activity, and in-
creased the MDA concentration of M. hangchowensis,
which indicates that lipid peroxidation was enhanced,
while the activity of defense enzymes was reduced.
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Hence, M. hangchowensis was probably injured by
K-limitation. In contrast, M. dianthera showed well
adaptation to both K-limitation and K-excess and
maintained a well-regulated metabolism, which in-
dicates good tolerance to a wide ecological range of K
supplies.

Growth and morphological response to different
K treatments

High biomass allocation to the root may be
beneficial to nutrient and water uptake while high HR
is often regarded as a light-seeking strategy for spe-
cies under dense canopies (Sakai, 1995; Pothier and
Prévost, 2002). In addition, high LMR is an advan-
tage to maintain high P, for supplying energy for K
uptake. We found that M. hangchowensis did not
adjust its morphological traits to alleviate the adverse
effects caused by K-limitation (Fig.3). In contrast, M.
dianthera increased LMR and RMR to keep K-uptake
capacity as well as photosynthetic capacity relatively
unaffected. This seems to be a competitive strategy
for M. dianthera under K-limitation condition.

Actuality and prospect of two Mosla species in
response to environmental changes

Species with lower element utilization ability
will be defeated in competition in environments with
low element availability (Tilman, 1980). The lack of
ability of M. hangchowensis to acclimate well to
K-limited condition might lead to a decrease in
population in the community and probably aggravates
its endangerment. In contrast, M. dianthera can ac-
climate well to a broad range of K concentrations and
the wide ecological adaptation for K resources may
have helped M. dianthera distribute widely in the
subtropical and tropical zones of China and in other
countries of East and Southeast Asia (Fang et al.,
1989). It therefore seems probable that the low K
content in natural habitats is a restrictive factor in the
growth and distribution of M. hangchowensis and the
decline of K supply in relation to acid rain will
worsen the situation of M. hangchowensis, while M.
dianthera can well acclimate to the increasing
K-deficiency. This idea needs to be further tested in
the field, and if established, controlling the acid rain
and applying K fertilizers may be an effective way to
relieve the increasingly serious problem of endan-
germent of M. hangchowensis.
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