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Heavy metal (HM) contamination in soil result in second pollution damage to Chinese cabbage, leading to
deleterious health impacts. To elucidate the common transfer and accumulation characteristics of HMs in
Chinese cabbage cultivar is important for safety breeding and consumption. In this case, concentrations and
transfer capacities of HMs (Cd, Cr, Hg, Pb and As) in 35 common Chinese cabbage genotypes and their genotypic
diﬀerence were investigated in this work. Results indicate that Chinese cabbage cultivar was more susceptible to
Cd pollution, Hg was easily sifted from underground part to aerial part, Cr and Pb have similar enrichment and
translocation characteristics, and Chinese cabbage cultivar had tolerance to As toxicity to some extent.
Moreover, genotypic diﬀerence in HM accumulation in diﬀerent parts of Chinese cabbage cultivar was also
observed, and for edible part, followed by Hg > As > Cd > Pb > Cr. Referring to overall HM pollution level and
biomass yield of edible part of 35 tested Chinese cabbages, B18, B6, B2 and B3 could be considered as the
potential HMs pollution-safe Chinese cabbage cultivars. Information founded in this work may be used to
provide referential strategies and methods to minimize the inﬂux of HMs pollutants to human being through
consumption and cultivation of Chinese cabbages.

1. Introduction
Heavy metal (HM) contamination brings great threat to environment and food safety. Substantial evidences indicate that leafy vegetables are more responsive to HMs and extensive consumption of HMpolluted vegetables pose high risks to human health (Huang et al.,
2017; Zhong et al., 2017; Hang et al., 2016). Chinese cabbage (Brassica
rapa subspec. pekinensis) is a widely consumed and grown leafy vegetable crop in the world (Lee et al., 2014; Wang et al., 2014; F.L. Li et al.,
2012). Information regarding accumulation characteristics and risk
evaluations of HMs in Chinese cabbage cultivar are extremely needed to
minimize the inﬂux of HMs pollutants to human being through consumption of Chinese cabbages.
Diﬀerent indexes or empirical regression models regarding the relationships between HMs concentration in soil and edible parts of crops
have been proposed to appropriately predict the soil-crop translocation
of HMs or assess HMs exposure risk (Antoniadis et al., 2016; Rehman
et al., 2017; McBride et al., 2014). The importance of concentration and
speciation of HMs in soil has been highly documented. For instance, Cd
concentration in leafy vegetables exponentially increased with the level
of Cd in soil (Ni et al., 2002), and for Chinese cabbage, the concentrations of Cd decreased at an exponential rate from the outermost
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layer to the inner core of edible parts (Sun et al., 2014). Considering the
aﬀect of other soil properties such as soil pH, SOM, CEC, and redox
potential (Eh), iron and manganese oxides, and clay minerals, especially the ﬁrst two properties, on the mobility and bioavailability of
HMs, some empirical models/indexes often incorporated these soil
physicochemical properties (Ding et al., 2015; Yang et al., 2018, 2017).
Moreover, published study developed by Ai et al. showed that the
concentrations and dynamic uptake of HMs diﬀered in growth points
for Chinese cabbage, and the sigmoid model ﬁtted well with the dynamic processes of growth and HM uptake (Ai et al., 2016). However,
these publish indexes/models employed to extrapolate the HMs risk
under realistic situations always broke down due to the ignore of the
diﬀerence of uptake and migration capacities of HMs in diﬀerent genotype vegetables. The uptake capacities of HMs varied at diﬀerent
tissue parts for diﬀerent genotypes vegetables (He et al., 2015). Thus,
prediction of the soil-crop translocation of each HMs should not be
limited to a single genotype of crop, and the experiments should be
carried out on majority of them for the sake of shielding the risk evaluation diﬀerence of each HMs resulted from diﬀerent genotype vegetables.
Recently, the intraspeciﬁc variations of each HM accumulation in
diﬀerent genotypes of crops has been well-documented, and also been
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Table 1
Names and numbers of the selected 35 Chinese cabbage genotypes.
Names

No.

Names

No.

Names

No.

Names

No.

Qinglang 1
Lvlinghuangxinwu
Aijiangjun 3
Chunrunjiali
Chunmeiqinggengcai
Taiwankuaicai
Jingchunwa 2
Zaoshu 5
Dongyuekuaicai

B1
B2
B3
B4
B5
B6
B7
B8
B9

536 xiaobaicai
Degaoyuwawa
Ziwei
Ribenxinxiayang
Degao 45
Degaoxiawangzi
Jingpindegao 16
Degao 5
Luchunbai1

B10
B11
B12
B13
B14
B15
B16
B17
B18

Jujindabaicai
Hechunbaicai
Qinghua80
Jincai 3
Jinbai 45
Chibai 2
Sijiuhuangcaixin
Xinxilanshiyueliuyecaixin
Wucaihongtai 12

B19
B20
B21
B22
B23
B24
B25
B26
B27

Hongli
Wuyetiancaitai
Shangcailianghong
Hongyu
Shishanyoucaitai
Zaoshubaicaitai 3
Wucaiziyu
Wucaizitai 2

B28
B29
B30
B31
B32
B33
B34
B35

Table 2
Some physical and chemical properties of the tested soil.
pH

Available N (mg/kg)

Available P (mg/kg)

Available K (mg/kg)

Total N (g/kg)

Total P (g/kg)

Total K (g/kg)

Organic matter (g/kg)

4.76

95.7

66.3

139.7

1.07

0.98

18.7

20.1

Table 3
Accumulation evaluation of diﬀerent heavy metals in 35 Chinese cabbages.
Parts

HM species
Limit valuea/(mg/kg)

Cd
0.20

Cr
0.50

Hg
0.01

Pb
0.30

As
0.50

Underground part of Chinese cabbage

Average valueb/(mg/kg)
Maximum value/(mg/kg)
Minimum value/(mg/kg)
Standard deviationc/%
Coeﬃcient of variation Cvd/%
Over-limit ratio/%
Average BCF/%
Average TF
Average value/(mg/kg)
Maximum value/(mg/kg)
Minimum value/(mg/kg)
Standard deviation/%
Coeﬃcient of variation Cv/%
Over-limit ratio/%
Average EF/%
HMs concentration/(mg/kg)
Thresholde/(mg/kg)

0.67
1.32
0.30
0.22
32.36
100.00
19.26
0.91
0.61
1.44
0.22
0.32
53.18
100.00
12.50
3.48
0.30

0.73
1.97
0.22
0.43
59.39
68.57
1.14
0.27
0.16
0.37
0.038
0.07
43.32
0.00
0.23
63.90
150.00

0.0894
0.0793
0.0001
0.02
174.04
17.14
3.54
1.14
0.00
0.0062
0.0001
0.00
60.45
0.00
0.77
0.26
0.30

1.62
3.45
0.29
0.81
50.12
97.14
1.23
0.31
0.39
0.93
0.0089
0.20
49.67
71.43
0.22
131.70
250.00

1.36
3.92
0.27
0.91
66.69
91.43
1.72
0.14
0.14
0.34
0.0011
0.08
58.30
0.00
0.14
79.00
40.00

Aerial part of Chinese cabbage

Tested soil

a

The limited value of national food hygiene standard of China (NFHSC) (GB 2762–2017).
The average value is the average of tested HM concentrations in 35 Chinese cabbages.
c
The standard deviation is the square root of the average of the squares of deviations of the tested HM concentrations in 35 Chinese cabbages from their average
value.
d
The value of coeﬃcient of variation (Cv) is a ratio of standard deviation to average value.
e
The threshold of the environmental quality standard for soil (GB 15618–1995).
b

diﬀerences. Combined the analysis of HMs comprehensive pollution
characteristic with edible rate of 35 Chinese cabbages, the study selected some potential HMs pollution-safe Chinese cabbage genotypes.
Results were expected to provide a theoretical underpinning to serve
agricultural production and some suggestions for reduction HMs risk to
human being through consumption of Chinese cabbages.

used to develop a strategy for screening and breeding pollution-safe
cultivars (PSCs), including, but not restricted to rice (Cheng et al., 2006;
Zeng et al., 2008; Liu et al., 2015), wheat (Hart et al., 2005; Tavarez
et al., 2015), welsh onion (Allium ﬁstulosum L.) (F.L. Li et al., 2012; X.
Li et al., 2012), pepper (Xin et al., 2014), water spinach (Ipomoea
aquatica Forsk.) (He et al., 2015; Wang et al., 2009), and Chinese cabbage (Liu et al., 2013; W. Liu et al., 2010; Tang et al., 2016). Cultivar
diﬀerences in HM accumulation were related to the species variation of
metals. Therefore, identiﬁcation of vegetable genotypes with low speciﬁed HM accumulation has become a upstanding way to reduce the
HM risk through food chains. And the HMs accumulated in edible parts
of plants may cause reduction in the yield of crops, and thus the edible
rate (the yield ratio of edible parts to whole plants) should also be an
evaluation index (Manzoor et al., 2018). Moreover, in the environment,
little contamination of heavy metals is solitary, which are combined in
most cases. This means the PSC selected based on a speciﬁed HM accumulation has its limitations in planting.
In this paper, we analyzed 35 common Chinese cabbage genotypes
for the common transfer and accumulation characteristics of ﬁve HMs
(Cd, Cr, Hg, Pb and As), and evaluated their genotypic and HM

2. Materials and methods
2.1. Plant and soil collection
A population of 35 Chinese cabbage genotypes used in this work
was purchased from the Mawangdui seed market in Changsha, Hunan
Province, China, which are all in use by Chinese farmers at the time of
the collection. The names and numbers of the selected genotypes are
listed in Table 1. The soil was collected from arable layer (0–20 cm) of a
fallow ﬁeld near a mining area in Hunan province, China. Prior to the
pot experiments, the soil was dried and then screened through a
1 × 1 cm sieve. Results of some physico-chemical properties of the soil
and its HMs concentration were listed in Tables 2 and 3, respectively.
512
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Fig. 1. HMs concentration in diﬀerent parts of Chinese cabbage genotypes.

total fresh weight (FW, g). The dried samples were split into aerial and
underground part, and weighed respectively labeled as FWa and FWu.
The edible rate of selected Chinese cabbages was calculated from the
ratio of FWa to FW. The concentrations of heavy metals (Cd, Cr, Hg, Pb
and As) in diﬀerent parts of fresh Chinese cabbages were determined by
referring to national standards of China GB5009.15-2014, GB5009.1232014, GB5009.17-2014, GB5009.12-2017 and GB5009.11-2014, respectively. Brieﬂy, 3.0 g of a sample was ground in a tissue grinder until
smooth, and then digested with 10 mL of concentrated HNO3-HClO4H2O2 (87:13:10, v/v/v). The mixture was dissolved by distilled water.
The Cd, Cr and Pb concentrations of dissolved solutions were determined using graphite furnace atomic absorption spectrometer (Z2700, Hitachi, Japan), As concentration was determined using an inductively coupled plasma mass spectrometer (NexION300X,
PerkinElmer, America), and the Hg concentration was determined using
an atomic ﬂuorescence spectrometer (AFS-8510, Haiguang, Beijing,
China).

2.2. Experimental design and samples treatment
Pot experiments were conducted by greenhouse cultivation in the
demonstration garden of Research Institute of Vegetables, Hunan
Academy of Agricultural Sciences, which is located at Changsha city,
Hunan Province, China. Firstly, the screened soil was placed in a plastic
pot with some drains at the bottom (40 cm in upper diameter, 35 cm in
lower diameter, and 40 cm in height). The uniform high level of soil lay
in 35 cm (5 cm below the pot). Then ripen the loaded soil in cultured
pots by pouring a permeable and dried naturally.
In September 2016, Chinese cabbage seeds of 35 common cultivars
(Table 1) were directly sowed into the prepared plastic pots (5–7 seeds
per pot) and then covered with 1–2 cm of soil. Each Chinese cabbage
genotype was cultivated with 10 replications (10 pots). The moisture
content of soil was maintained between 65% and 80% of the maximum
water-holding capacity by using domestic tap water, and the air humidity was controlled at 80~90%. The greenhouse temperature kept
above 20 °C in the daytime, and higher than 10 °C at night. 15 days after
sowing, the seedlings were thinned to 1 strain with strong growth potential in each pot. Mature Chinese cabbages were harvested after 9
weeks of the growth.

2.4. Data processing and analyses
Data processing and analyses including signiﬁcant diﬀerence analysis and cluster analysis were performed by using Microsoft Oﬃce
Excel and DPS. All results were conducted based on a fresh weight
basis. Biological concentration factor (BCF), enrichment factor (EF) and
transfer factor (TF) were used to evaluate the transfer characteristics of
HMs among soil and diﬀerent parts of Chinese cabbage genotypes. BCF
was deﬁned as formula (1), EF was deﬁned as formula (2), and TF was

2.3. Analysis of plant samples
Harvested Chinese samples were rinsed with domestic tap water to
remove soil and then washed with distilled water. Then using drying
papers to wick moisture out of washed samples before recording their
513
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Fig. 2. NIPI indexed in diﬀerent parts of 35 Chinese cabbage genotypes.
Fig. 3. BCF and TF values of 35 Chinese cabbage genotypes.

deﬁned as formula (3) (Harrison and Chirgawi, 1989; F.L. Li et al.,
2012; Gupta et al., 2008).

BCF = Croot /Csoil

(1)

EF = Cap /Csoil

(2)

TF = Cap /Croot

(3)

NIPI =

(5)

Where Ci and Si represent the estimated heavy metal concentration and
limit concentration of national food hygiene standard of China (NFHSC)
(GB 2762–2017), Pimax and Piave are maximum and average pollution
index (Pi). The classiﬁcation of HMs pollution level based on the value
of NIPI was as: non-pollution (NIPI≤ 0.7); warning line of pollution
(0.7 < NIPI≤1); low level of pollution (1 < NIPI≤2); moderate level
of pollution (2 < NIPI≤3) and high level of pollution (NIPI > 3).

Where Csoil is the HM concentration in the soil and Croot is the HM
concentration in plant root; greater BCF value indicates a stronger
migration capacity of HM from soil to plant soil. Cap is HM concentration in an aerial part (in this work, meaning leaf in Chinese
cabbage).
To assess general HMs pollution level posed by more than one HM
(e.g. i), pollution index (Pi) calculated for each HM is summed and
expressed as Nemerow pollution index (NIPI). Pi can be calculated by
formula (4), and NIPI can be calculated by formula (5) (Saha and
Zaman, 2013).

3. Results and discussions
The 35 selected Chinese cabbages genotypes are common in the
market and are all in use by Chinese farmers at the time of the collection, therefore the total prediction results of common accumulation
and transfer characteristics of each HMs on the 35 samples are capable
of extrapolating the speciﬁed HM risk of Chinese cabbage cultivar.
As shown in Fig. 1 and Table 3, Hg concentration in underground

(4)

Pi = Ci/ Si

2
(Pi2max + Piave
)/2

Table 4
Evaluation results of HMs pollution levels in diﬀerent parts of 35 Chinese cabbage genotypes based on NIPI indexes.
Classiﬁcation

Non-pollution

Warning line

Low level

Moderate level

High level

Underground part
Aerial part

0.00%
0.00%

0.00%
5.78%

2.86%
40.00%

25.71%
31.43%

71.43%
22.85%
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cabbages, edible parts in some Chinese cabbage genotypes are also
vulnerable to Hg pollution. However, on the other hand, the higher
genotypic diﬀerence of aerial part also shows that screening for HgPSCs is a feasible and alternative choice to reduce Hg risk to human
health, and B2 could be considered as a potential Hg pollution-safe
Chinese cabbage cultivar as shown in Fig. 1.
Average TF value of Cd in Chinese cabbages reached 0.91, close to
1.0 and second only to that of Hg, and the BCF value of Cd was the
largest one in that of ﬁve HMs (Table 3). These results indicate that
Chinese cabbage has a higher accumulation characteristic to Cd and
therefore it is more susceptible to Cd pollution than other four HMs,
which can be conﬁrmed by the higher average EF value as shown in
Table 3. However, although the Cv value of underground part was only
32.36%, lowest one in ﬁve HMs, the Cv value of aerial part reached
53.18%, and it is approximately 6.55-fold diﬀerence from the maximum Cd concentration to minimum one. Therefore, screening and
breeding Cd pollution-safe Chinese cabbage cultivar, like B18, is a
promising method to minimize the intake of Cd from Chinese cabbage.
The average BCF of As was lower than that of Hg and Cd, ranking
the third in ﬁve HMs, and the average TF of As was lowest one, only
reached 0.14 (Table 3). These values mean that Chinese cabbage is
relatively poor in accumulation and transfer of As,——that is, Chinese
cabbages had tolerance to As toxicity to some extent. In tested soil, the
As concentration was closed to doubled the threshold of the environmental quality standard for soil (GB 15618-1995), but none of the aerial
parts in 35 tested Chinese cabbages was found above the standard.
These further veriﬁes the stronger As tolerance of Chinese cabbage.
Meanwhile, the results also reveal the imperfection to evaluate HMs
pollution of crops only based on the pollution level of their cultivated
soil. From Table 3, it also can be found that the Cv value of As in aerial
part of Chinese cabbages reached up to 58.30%, indicating that a distinct diﬀerence of As accumulation existed in 35 tested cultivars.
Therefore, for a severe As contaminated soil, screening and breeding As
pollution-safe Chinese cabbage cultivar is an available strategy to
minimize the risk of soil As contamination to human health through
food chain, and B18 could be the best option among the 35 tested
cultivars from Fig. 1.
The average BCF, EF and TF values of Cr were closed to that of Pb as
shown in Table 3, and the pollution levels of this two HMs in soil were
approximately similar, indicating that Chinese cabbage has little difference in accumulation and transfer between Cr and Pb. However,
although all 35 tested Chinese cabbages were cultivated in Cr and Pb
unpolluted soil, a higher over-limited ratio for Pb (71.43%) than for Cr
(0.00%) in aerial parts of Chinese cabbages were observed due to a
lower limit value of Pb in NFHSC than that of Cr. The results further
conﬁrmed that HMs risk of crops could not be directly assessed by the
HM pollution level of soil. Moreover, the Cv value of Pb in aerial part of
Chinese cabbage was 49.67%, which means the existence of some
genotypic diﬀerence in Pb accumulation, and B18 could be the alternative Pb pollution-safe Chinese cabbage cultivar. But for Cr, the Cv in
aerial part was only 43.32%, therefore the strategy to screen and breed
Cr pollution-safe Chinese cabbage cultivar was not so eﬀective than
other four HMs on reduction of risk to human being.
Combined the discussions above, the diﬀerence in HM accumulation
and transfer of Chinese cabbage were diﬀerent in HM species and
Chinese cabbage genotype. This suggests that the evaluation of HMs
pollution level in Chinese cabbage should specify the given HM and also
cultivar genotype. However, in the environment, few contamination of
HMs is solitary, which are combined in most cases. NIPI could be employed to evaluate the comprehensive pollution level of multiple HMs
co-contamination, and it highlights the eﬀect of the most polluted HM
(He et al., 2016). In both aerial part and underground part, evident
genotypic diﬀerences in NIPI were observed from Fig. 2. Table 4 listed
the statistic analysis results from Fig. 2. As illustrated in Table 4 and
Fig. 2, the NIPIs of underground parts in all tested Chinese cabbages
showed higher values. 25.71% of them (9/35) belonged to the scope of

Fig. 4. Cluster analysis results based on NIPI indexes of aerial parts of Chinese
cabbage genotypes.

Fig. 5. Fresh weight in aerial parts and edible rate of diﬀerent Chinese cabbage
genotypes.

parts of 35 Chinese cabbages has a 793-fold diﬀerence, ranging from
0.1 (B2) to 79.3 (B34) μg/kg FW, with an average value of 8.94 μg/kg
FW. Since the Hg concentration in soil is lower than the threshold value
of the environmental quality standard for soil (GB 15618-1995), only
17.14% (6/35) of the tested Chinese cabbage cultivars exceed Hg limit
value (0.01 mg/kg FW) of NFHSC (GB 2762-2017), which, however,
can not bring about such a conclusion that Chinese cabbage cultivar is
tolerant to Hg due to its higher Coeﬃcient of variation (Cv) (174.04%).
For instance, the concentration of Hg in underground part of B34 is
approximately 8-fold higher than limited value. Secondly, the average
TF of Hg in underground parts of 35 Chinese cabbages was over 1.0,
reached 1.14, and was the maximum value among that of ﬁve tested
HMs. These results demonstrate that Chinese cabbage cultivar has
stronger transfer ability of Hg from underground part to aerial part.
Moreover, the average BCF value was also higher, just behind of Cd,
which means that Hg accumulation in Chinese cabbage was signiﬁcantly inﬂuenced by Hg concentration in soil. In general, aerial part
is the major edible part of Chinese cabbage. Although the signiﬁcant
diﬀerence of Hg concentration in aerial part is lower than that in underground part as shown in Fig. 1, the Cv value reached up to 60.45%.
And together with stronger Hg transfer ability of root in Chinese
515
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of Pb in NFHSC, Pb-polluted Chinese cabbages are more likely to be
detected than Cr-polluted. Compared to other four HMs, Chinese cabbages had tolerance to As toxicity to some extent. Diﬀerent degrees of
genotypic diﬀerence in ﬁve HMs accumulations in aerial parts of
Chinese cabbages were observed, therefore screening for HMs-PSC
Chinese cabbages is an eﬀective strategy to reduce HMs risk to human
being through food chain. Higher HMs accumulation harmed to the
yield of Chinese cabbages. With the combination of evaluating results of
general HMs pollution level by NIPI and yields of aerial parts of Chinese
cabbages, B18, B6, B2 and B3 were suitable to be considered as potential HMs-PSC Chinese cabbage cultivars, and B18 (Luchunbai1) was
the best choice.

moderate level of pollution (2 < NIPI≤3), and 71.43% (25/35) were
larger than 3.0, indicating highly integrated pollution. 44% of NIPI in
highly integrated pollution were almost double, or even triple of high
pollution range of NIPI (> 3). Generally, the pollution level of aerial
part in Chinese cabbages was not higher than that of underground part
due to the transfer process of HMs from root to aerial part. Attributed to
the TF diﬀerences in tested cultivars (Fig. 3), the value of NIPI in aerial
part showed in Fig. 2 is more uniformly distributed in various pollution
range, however, none of them belonged to the scope of no-pollution
(NIPI≤0.7). Consequently, the NIPI studies of diﬀerent parts of 35
tested Chinese cabbages indicated that Chinese cabbages are very
sensitive to environmental pollution by HMs.
Signiﬁcant genotypic variations in NIPI have been seen in aerial
parts of tested 35 Chinese cabbage cultivars (showed in Fig. 2), therefore, it is theoretically possible to identify HMs pollution-safe Chinese
cabbage cultivars by taking NIPI as the classiﬁcation index. Fig. 4
showed the categorized results of cluster analysis by DPS software. As
shown in Fig. 4, the tested Chinese cabbage cultivars generally fall into
three clusters at classiﬁcation distance of about 0.22, including lowHMs accumulated cluster, medium-HMs accumulated cluster, and highHMs accumulated cluster. The low-HMs accumulated cluster can be
further divided into three clusters, and cultivars like B18, B6, B2 and B3
belonged to one of the clusters were lowest-HMs accumulated Chinese
cabbages (values of NIPI followed the order of B3 > B2 > B6 > B18),
which were much more likely to be the HMs-PSCs than in the other two
clusters.
Accumulation of HMs in crops was bound to aﬀect crop growth and
edible rate. Some researchers found that metal ions may serve as an
activator of enzyme(s) in cytokinin metabolism, or bring some changes
in plant hormones, thus regulating the growth and development of
crops (W. Liu et al., 2010; Shentu et al., 2008; Kamínek, 1992). However, higher dose stress in soil and crops may also result in negative
response to crop biomass due to some changes such as phosphorus
solubility (Najaﬁ and Jalali, 2016). Therefore, the HMs tolerance of
crops should be evaluated by combined their HMs accumulated characteristics with the biomass response (W.T. Liu et al., 2010b), and thus
biomass yield and edible rate should also be considered as a screening
standard when screening for HMs pollution-safe cultivars. Fig. 5
showed aerial biomass yield and edible rate of tested 35 Chinese cabbage genotypes. With the combination of the results in Figs. 4 and 5, it
can been seen that the cultivars located in high-HMs accumulated
cluster generally had the lower biomass and edible rate. The result
indicates that HMs pollution is hazardous to the growth and development of Chinese cabbages, and ultimately aﬀect their yields, and it
seems to reasonable for farmers to get timely and suﬃcient warning of
the accumulation of HMs based on the apparent biomass yield and
ediable rate of Chinese cabbages. According to the evaluation of pollution level and biomass (and edible rate), B18, B6, B2 and B3 could be
considered as the potential HMs-PSC Chinese cabbage cultivars, and
among them, B18 (Luchunbai1) would be the prime choice based on the
recommended 4 standards by Liu (W. Liu et al., 2010; Liu et al., 2009):
(1) lower HM accumulation, (2) EFs < 1.0, (3) TFs < 1.0, (4) higher
biomass yield.
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