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Abstract. Rhizome lotus ( Nelumbo nucifera Gaertn. ssp. nucifera) has been cultivated for
more than two thousand years as a food in China. The genetic variability in sixty-eight rhizome
lotus germplasms from different regions of China,were evaluated using nineteen morphological
characteristics. The associations of whole rhizome weight (TW) with main stem weight (MW) ,
main stem length (ML) ,and width of the main stem section between the third and fourth knot
(RW) were positive and highly significant. The path analysis revealed that MW had the highest
positive direct effect on TW (0. 982). Four principal components analyses (PCA) accounted
for 77. 33% of the total variability. Characteristics that showed high negative direct effect on TW
were MW/TW ( —0.296). A cluster analysis based on the morphological characteristics re-
vealed five continuous groups according to evolutionary direction.

Key words . Agronomical characteristics; Cluster analysis; Correlation coefficient; Morphologi-
cal characteristics; Nelumbo nucifera Gaertn. ssp. nucifera; Path analysis; Rhizome lotus

The lotus plant ( Nelumbo nucifera Gaertn. morphological distinctions!'?!. One type, rhizome
ssp. nucifera) is a valuable aquatic plant used lotus,is primarily used as a food based on its nu-
widely as food, ornamentals, medicine, and pac- tritive and medicinal properties'?.
king material in China. It is classified into three Rhizome lotus is widely distributed in China

types according to its different purposes and and has adapted to many edaphic-climatic con-
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ditions, from southern Hainan to northern Hei-
longjiang Province, and from eastern Taiwan to
western Tian Mountain, Xinjiang Province'?®! . Like
many other plant species, this broad range of
adaptation is due to the existence of a high num-
ber of local genotypes rather than a single ubiqui-
tous genotype''*~®. The evolutionary processes
leading to the development of rhizome lotus land-
races depends on various factors, such as natural
and artificial selection, domestication history, and
thousands of years of adaptation to cultivation
environments. The apparent loss of genetic diver-
sity in many crop plants has triggered wide-
spread interest in niche environments where
novel genes are often preserved in landraces.
The collection, conservation,and use of landraces
have, therefore, often been linked to breeding
programs'’’.

The main aim of rhizome lotus breeders is
the development of cultivars with competitive rhi-
zome yield, quality components, and adaptation
to diverse agro-climatic regions. Breeding a crop
for new and targeted environments requires the
use of a range of landraces /genotypes as it al-
lows intraspecific variability quantification for dif-
ferent characteristics and their interactions. In
spite of the immense nutritive and medicinal im-
portance of rhizome lotus, reports on variability
and association among different morphological
characteristics are lacking. Although its genetic
diversity has been investigated based on fewer
rhizome lotus accessions or cultivars by using al-
lozyme, ISSR, nuclear ribosomal ITS sequence,
and RAPD markers'®®®°1 ‘many landraces from
China’ s provinces recorded in the National Gar-
den of Aquatic Vegetables have not been evalua-
ted for morphological characteristics.

The purpose of this investigation was to eva-
luate the genetic variability and interrelationship
among rhizome lotus germplasms using nineteen
morphological characteristics. The present study
was conducted with the following objectives: (1)

To evaluate the morphological characteristics of
rhizome lotus germplasms and to determine the
selection criteria for increasing rhizome yield;
(2) To elucidate interrelationships among vyield
and yield components using correlation analysis
and supplementing correlation results using path
coefficient analysis.

1 Materials and methods

1.1 Plant materials and experimental design

A total of 68 rhizome lotus landraces, inclu-
ding two cultivars from the Wuhan Institute of
Vegetable Science in China,were included in the
study (Table 1). The landraces were collected
from fifteen provinces and one city, ranging from
the tropical Hainan Province to the frigid-temper-
ate Heilongjiang Province, and from western Si-
chuan to eastern Jiangsu Province.

The experiment was conducted during the
2002 —2003 growing season at the experimental
field of the National Garden of Aquatic Vegeta-
ble, Wuhan Institute of Vegetable Science, Hubei
Province. The experimental site was situated 10 m
above sea level at 30.52°N latitude and 114.31°E
longitude. Sixty-eight landraces were sown in late
March,2002,and harvested in early March,2008.
The experimental field was disc ploughed and
harrowed before sowing. The experimental design
was a randomized block with three replications.
The plot size for each replication was 10 m x6.7 m.
Each plot had three rows spaced 1.6 m apart and
each row had four plants separated 2 m from
each other. Each landrace was sown in a sepa-
rate concrete plot and irrigation was applied as
needed. No fungicide or insecticide was used dur-
ing the experiment. Five plants from each landrace
in each replication were randomly tagged and
data were recorded on these plants for the 19
morphological traits (Table 2 and Figure 1).

1.2 Statistical analysis on morphological
characteristics

The raw data was compiled by taking the
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Table 1 List of 68 rhizome lotus germplasms ( Nelumbo nucifera Gaertn. ssp. nucifera)
Germ- Germ-
NS(S. plasm Gerrlri1npelasm Origin”® NS(S. plasm Ger?npgasm Origin*®
code code

1 |-0147 Hongjianlian Fujian province 35 |-0251 Huxianou Huxian,Shaanxi province
2  |-0433 Wuzhierhao Wuhan,Hubei province 36 |-02835 Xixiangtangou Guangxi

3 1-0055 Baheou Xishui, Hubei 37 1-0252 Weiyangou Xi’ an,Shaanxi

4 1-0407 Zhaoyangbailian Zhaoyang,Hubei 38 [-0441 Hongshanhonglian Wuhan,Hubei

5 [-0215 Jianghanou Qianjiang, Hubei 39 |-0447 Ziguitianou Zigui,Hubei

6 [-0003 Mata Shashi, Hubei 40 |-0149 Wuyi Jianli, Hubei

7 1-0148 Baipaozi Xiaogan, Hubei 41 |-0434 Xuzhoubailian Xuzhou,Jiangsu

8 1-0019 Wuliansihao WIVS 42 1-0456 Yulinnanjiang-2  Yulin,Guangxi

9 [-0463 Zoumayang Chongging 43 |-0451 Haikou-1 Haikou,Hainan province
10 1-0058 Makoubailian Hanchuan, Hubei 44 |-0446 Gufubailian Yichang,Hubei

11 1-0040 Damaojie Wuhan 45 |-0406 Wuhuyeshengou Wuhu,Anhui

12 |-0018 Elian-1 WIVS 46 |-0450 Linwangou Hainan

13 1-0044 Chonggingou Chongging 47  1-0455 Bobailianou Bobai, Guangxi

14 1-0211 Honghulian Honghu,Hubei 48 1-0002 Shuangijiajiang Shashi, Hubei

15 1-0207 Dazihong Baoying,Jiangsu province | 49 1-0110 Yingchengbailian Yingcheng,Hubei

16 1-0202 Gongantianou Gongan, Hubei 50 1-0001 Micheng Dangyang,Hubei

17 1-0395 Yangguzi Shashi, Hubei 51 |-0109 Hongpaozi Xiaogan,Hubei

18 [-0390 Jianshuihehua Jianshui,Yunnan province || 52  1-0237 Wuzhoutianou Wuzhou, Guangxi

19 [-0453 Nanjingbaihe Nanjing, Jiangsu 53 |-02836 Zaoshi Yingcheng, Hubei

20 1-0190 Huanganbailian  Hongan,Hubei 54 1-0392 Huaiyanglian Huaiyang,Henan

21 1-0232 Xingguotianou Zhaoqing,Guangdong province || 55  |-0388 Wuyangbailian Wuyang, Henan

22 |-0228 Xiantaozaoou Xiantao ,Hubei 56 1-0469 Shibeihuaou Chenggong, Yunan

23 1-0192 Xugiaoyeou Wuchang, Hubei 57 1-0472 Chengjianglian Chengijiang, Yunan

24 |-0408 Hefeizhougang  Hefei, Anhui province 58 |-0470 Lijiagaoshan Yuxi,Yunan

25 1-0240 Xichuancunou Nanning,Guangxi province|| 59 |-0476 Shangzhihonglian Tongjiang,Heilongjiang province
26 1-0219 Lichuanou Lichuan,Hubei 60 |1-0383 Yuxi-1 Yuxi,Yunan

27 1-0401 Nanpingmalian Changde,Hunan province | 61 1-0402 Baoanlianziou Baoan,Hunan

28 |-0244 Xianningbailian  Xianning,Hubei 62 1-0238 Guiliniashanou  Guilin, Guangxi

29 |-0193 Guandiou Wuchang, Hubei 63 |-0462 Zhejiang-5 Hangzhou, Zhejiang province
30 1-0435 Yunmengbailian  Yunmeng,Hubei 64 1-0394 Sifangdengzi Shashi, Hubei

31 1-0458 Guiganghonglian Guigang,Guangxi 65 [-0454 Dawolong Jinan, Shandong province
32 |-0389 Nanyanglian Nanyang,Henan province || 66 1-0464 Yudongfanbeizhou Baxian,Sichuan province
33 |-0248 Jinziba Enshi, Hubei 67 1-0119 Hongxiayeou Wuhan, Hubei

34 |-0249 Huangniba Enshi, Hubei 68 |-0126 Diaochahu-2 Hanchuan,Hubei

+ WIVS, abbreviation of Wuhan Institute of Vegetable Science.

Table 2 List of descriptors used for the characterization of rhizome lotus ( N. nucifera
Gaertn. ssp. nucifera) germplasms

Characteristic * Abbr. Unit of measure or weight ™
Plant height PH cm
Leaf length LL cm
Leaf width LW cm
Flower type FT 0 -no flower; 1 -Da; 3 -Qb
Flower color FC 0 -—absent; 1 —white; 2 —white with red top; 3 —pink; 4 —red; 5 —rose red
Number of flowers FA 0 -absent; 3 —few; 5 —intermediate; 7 —many
Length of main stem of rhizome ML cm
Knot number of main stem of rhizome MN  number
Length between the third and fourth . cm

knot of main stem
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Table 2 Continuted

Characteristic Abbr.

Unit of measure or weight **

Width of the section between the

third and fourth knot of main stem RW cm
TL /RW ratio DW  number
Weight of main stem of rhizome MW kg
Weight of whole rhizome TW kg
Percentage of MW/TW MT %
Skin color of rhizome SC

Stoma character on skin of rhizome SA
Top color of rhizome B
Depth underground of ripe rhizome DG cm

Mature character of rhizome MC

1 —white; 3 —faint yellow; 5 —straw yellow; 7 —yellow
3 —few; 5 —intermediate; 7 —many
1 —straw yellow; 3 —vyellow; 5 —orange yellow; 7 —aubergine

1 —precocious; 2 —mid-precocious; 3 —intermediate;
4 —mid-serotinous; 5 —serotinous

+ See detailed explanation of these characteristics in Guo (2009) and Fig. 1.
s Da,The number of petals less than and equal to 20 ;Qb,more than one thousand petals in total during all the period of
flowering (' stamen and pistil are completely transformed into petals and receptacle disappeared) .

The 7'" knot

The 4" knot

The 3'" knot The first knot

£ v Y

MN/SN 3/3
Number of knots of son branch

4/(6+1)
6=3+2+1

5/(10+3)
10=4+3+2+1

6/(15+5)
15=5+4+3+2+1

MN: Number of knots of main stem; SN: Number of knots of son and grandson branch
Y =X(X=1)/2 +2X =7 =(X2 +3X =14)/2 (when X= 4); Y =X(X =1)/2 (when X =2 and 3) ; where Y =SN,X =MN

Fig.1 The rhizome of lotus ( N. nucifera ssp. nucifera) with seven knots in main stem was
employed to describe the related morphological characteristics
(the ratio of numbers of knots on main stem / numbers of knots on son and grandson branch)

means of all the plants collected from each treat-
ment and replication for different traits in the ex-
periment. The mean, standard deviation, and mi-
nimum and maximum values were calculated for
each morphological character in each landrace. A
fixed-effects model ANOVA was performed to de-

termine morphological variations between and
within landraces using SPSS11.5. For each char-
acter, if the null hypothesis was rejected, multiple
comparisons using the Least Significant Differe-
nce (LSD) test were carried out to determine
differences between landraces. All LSD tests
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were carried out at o« = 0. 05 significance level.
Correlation analysis was performed to determine
the relationships between all traits using the Cor-
relate program in SPSS11.5. Path coefficients
were then computed to separate the direct and
indirect effects of correlation coefficient, which
were initially proposed by Wright ( 1921,
1923) 1'% and later described by Dewey & Lu
(1959) "% and by Li (1975)!"!.

The data of morphological characteristics
were first standardized by the Stand program
within the General options of NTSYS-pc 2.1 soft-
ware'™! Jand were then used to construct a data
matrix of pair-wise dissimilarities between land-
races by calculating the Euclidian distance coeffi-
cient. Principal components analysis (PCA) was
used to depict non-hierarchical relationships
among the studied landraces using a correlation
matrix as input ( calculated using standardized
morphological data) and the first and second
principal component scores were plotted to ge-
nerate the two-dimensional model using the NT-
SYS-pc 2.1 software!™!

2 Resulls

2.1 Variability studies

The mean, standard deviation, and minimum
and maximum values for different morphological
characteristics are presented in Table 3. Whole
rhizome weight (TW) ranged from 0.1 to 4.5 kg
per rhizome with N. nucifera ssp. nucifera Shi-
beihuaou showing the lowest yield. Highest TW
was shown by both of N. nucifera ssp. nucifera
(Wuliansihao and Makoubailian) (4.5 kg/rhizo-
me) ,followed by N. nucifera ssp. nucifera Elian-1
(4.2 kg/rhizome) , and N. nucifera ssp. nucifera
Baheou (4.0 kg/rhizome). Main stem weight of
rhizome (MW) ranged from 0.1 to 2.75 kg per
rhizome ,with both N. nucifera ssp. nucifera ( Shi-
beihuaou and Hongxiayeou) showing the lowest
value (0.1 kg/rhizome) . Highest MW was exhibi-
ted by N. nucifera ssp. nucifera Makoubailian

(2.75 kg/rhizome) , followed by both N. nucifera
ssp. nucifera ( Xuzhoubailian and Wuliansihao )
(2.50 kg/rhizome). The percentage of MW/TW
(MT) ranged from 49.16 to 92.59% ,with N. nu-
cifera ssp. nucifera Elian-1 displaying the lowest.
Highest percentage was shown by N. nucifera
ssp. nucifera Xuzhoubailian (92.59% ) , followed by
N. nucifera ssp. nucifera Zaoyangbeilian (90% ),
and N. nucifera ssp. nucifera Guilinjiashanou
(88.61%).
Table 3 Mean and standard deviations for each

characteristic of the 68 rhizome lotus ( N. nucifera ssp.
nucifera) germplasms in China

g:g{%% Mean g?\?gt?ég Minimum  Maximum
DG (cm) 35.68 7.24 22 55
Dw 2.90 1.00 1.75 6.17
FA 3.32 2.16 0 7
FC 1.09 1.51 0 5
FT 0.91 0.59 0 3
LL (cm) 60.16 18.45 29.00 86.80
LW (cm) 51.46 16.41 23.00 78.00
MC 3.21 1.37 0 5
ML (cm) 83.35 20.88 38.00 135
MN 4.42 0.77 3.00 7.00
MT (%) 73.79 8.42 49.16 92.59
MW (kg) 131 0.71 0.10 2.75
PH (cm) 137.82  32.71 67 205
RW (cm) 6.10 1.61 2.10 8.20
SA 4.35 1.74 3 7
SC 2.82 1.79 1 7
B 2.29 1.46 1 7
TL (cm) 16.61 3.96 7 25.40
TW (kg) 1.83  1.07 0.10 4.5

x Characteristic key see Table 2.

2.2 Correlation studies

The correlation coefficients between various
characteristics are presented in Table 4. All mor-
phological characteristics except underground
depth of ripe rhizome (DG) ,flower color (FC),
mature character of rhizome (MC), skin color
(SC), and top color of rhizome (TB) exhibited
significant association with TW. Among these sig-
nificant characteristics, all except DW (length be-
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tween the third and fourth knot of main stem/
width of the section between the third and fourth
knot of main stem, TL/RW) ,flower type(FT) ,MT,
and skin color of rhizome (SC) showed positive
association with  TW. Characteristics like leaf
length (LL),leaf width (LW) ,plant height (PH) ,
main stem length of rhizome (ML), MW, and TW
showed highly significant positive association a-
mongst themselves. The association of SC with all
characteristics, except DG, DW, number of flo-

wers (FA), FC, and FT, was negative. MT was
negatively correlated with all characteristics ex-
cept for DG,DW,MC,SA,and TL.
2.3 Path analysis

In the present study, path coefficient analysis
was conducted by taking TW as the dependent
variable. The direct and indirect effects of various
characteristics on TW are provided in Table 5.
The path analysis revealed that MW had the high-
est positive direct relationship with TW (0. 982) ,

Table 4 Simple correlation coefficient of 19 morphological characteristics in rhizome lotus germplasms
( N. nucifera ssp. nucifera)

Chara-

qqs DG DW FA FC FT LL LW MC ML MN MT MW PH RW SA SC TB TL TW
DG -

DW -0.238 -

FA~ -019 0.39* -

FC 013 046* 041= -

FT -019 03* 072" 0.41*

LL -0.14 -0.18 -0.27* -0.06 -031* -

Lw -012 -0.18 -0.26* -0.001 -0.31* 0.8** -

MC 002 -0.02 -0.16 -0.07 -0.20* 021 024* -

ML -0.11 -0.20* -0.24* -0.090 -0.20 048" 0.49* 028* -

MN -0.07 -0.42 -0.11 -021 -0.06 0.03 004 007 028* -

MT 000 004 -016 -012 -006 -026* -0.25* 020 -0.30* -015 -

MW -0.02 -0.54* -0.38* -0.26* -0.30* 0.42™ 0.4* 0.26* 08* 02* -013 -

PH -0.11 -0.26* -031*-0.02 -0.23 0.57* 0.60* 021 058* 010 -009 064 -

RW 021 -0.68™ -0.48* -0.0* -0.42* 0.46* 0.46™ 022 071 019 -0.08 0.8* 063™ -

SA 02 -003 -013 -011 -017 012 014 011 013 -016 018 012 023 017 -

SC 016 016 039™ 014 03*-04* -046*-039*"-029* -007 -0.04 -0.8*-05* -040™-017 -

m 0% -00 -014 02 -02* 043* 041™ 007 007 -011 -012 00 008 011 003 -006 -

L -00 031*-019 014 -016 03* 03%*™ 032* 054™ -033* 0.08 042* 047* 043%*031* -0.31* 007 -
W -0.06 -0.83* -0.32™ -0.23 -0.27* 0.45* 0.45™ 020 089" 0.33™-03%™09%™ 060™ 08* 006 -03* 010 0.36™

Table 5 Path coefficient analysis showing direct (in bold) and indirect effects of 18 morphological characteristics
over rhizome lotus yield (TW) of N. nucifera ssp. nucifera

hara- Pearson
Cct:{'j DG DW FA FC FT LL LW MC ML MN M MW PH RW SA SC TB wﬁzlggon
DG -0.009 0014 -0.011 0007 0.024 -0.08 0024 0.001 0.001 -0.003 -0.027 -0.021 -0.002 -0.025 0.000 0.009 -0.05 0.000 -0.056
DW 0002 -0.059 0025 0018 -0.073 -0.044 0.062 -0.008 0.003 0.004 0.207 -0.687 -0.005 0.099 0.000 0.019 0.013 0.002 -0.678*
FA 0002 -0.025 005 002 -0.15 -0.038 0.048 -0.011 0.001 -0.004 0.000 -0.28 0.000 0.053 0.000 0.014 0.011 -0.004 -0.156
FC -0.001 -0.021 0.0 0.051 -0.074 0.000 -0.003 -0.005 0.000 0.008 0.007 -0.185 0.000 0.030 0.000 0.015 -0.010 0.000 -0.167
FT 0002 -0.033 0.051 0029 -0.131 -0.053 0.069 -0.013 0.002 -0.004 0.029 -0.412 -0.003 0.075 0.000 0.017 0.014 -0.007 -0.370*
LL 0001 0.0%6 -0.013 0.000 0.042 0.166 -0.20 0.008 -0.002 0.014 0067 0.389 0.012 -0.044 0.000 -0.033 -0.024 0.004 0.402*
LW  0.001 0018 -0.044 0.000 004 0162 -0.205 0.010 -0.003 0.015 0.058 0450 0.013 -0.049 0.000 -0.02 -0.021 0.005 0.453*
MC  0.000 0.020 -0.027 -0.012 0.073 0.057 -0.085 0.024 -0.002 0.010 -0.05 0.455 0.008 -0.052 0.000 -0.032 0.000 0.007 0.391*
ML 0001 0028 -0.007 -0.000 0.042 0.062 0.088 0.009 -0.006 0.000 0.05 0.887 0.013 -0.086 0.000 -0.026 -0.013 0.008 0.904*
MN  0.001 002 -0.006 0003 0.013 0.052 -0.071 0.005 -0.003 0.044 0.05 0521 0.008 -0.085 0.000 -0.020 -0.010 -0.004 0.561*
MT  -0.001 -0.001 -0.012 -0.001 0.013 -0.038 0.040 0.005 0.000 -0.000 -0.296 -0.075 -0.005 0.005 0.000 0.007 0.014 0.003 -0.354*
MW 0.000 0.041 -0.013 -0.010 0.05 0.06 -0.04 0.011 -0.006 0.023 0.02 0982 0013 -0.102 0.000 -0.031 -0.011 0.006 0.954*
PH 0001 0.014 -0.000 -0.001 -0.008 0.095 -0.198 0.010 -0.004 0.018 0.070 0.598 0.021 -0.051 0.000 -0.041 -0.000 0.005 0.621*
RW -0.002 0.049 -0.06 -0.013 003 0.060 -0.084 0.010 -0.004 0.013 0012 0.88 0009 -0.120 0.000 -0.0%6 -0.016 0.007 0.790*
SA  -0.002 0.000 -0.007 -0.008 0.010 0.015 -0.027 0.008 -0.001 -0.013 -0.032 0.103 0.005 -0.058 0,000 -0.012 -0.008 0.006 0.039
SC -0.000 -0.019 0.014 0.013 -0.09 -0.02 0.112 -0.012 0.003 -0.05 -0.03% -0.50 -0.015 0.054 0.000 0.05 0.0056 -0.004 -0.493*
TB  -0.003 0.017 -0.014 0011 0.041 0088 -0.094 0.000 -0.002 0.009 0.08 0.29 0.004 -0.040 0.000 -0.006 -0.046 0.002 0.2%0
TL  0.000 -0.005 -0.013 0.001 0020 0.4 -0.057 0.010 -0.008 -0.010 -0.048 0.349 0.006 -0.052 0.000 -0.015 -0.007 0.017 0.265
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followed by LL (0. 166) ,and SC (0. 059). Char-
acteristics that showed high negative direct effect
were MT ( -0.296),LW ( -0.205),and FT ( -
0. 131). MW showed a positive indirect effect on
TW via all characteristics except DG, DW, FA,
FC,FT,MT,and SC. However, RW exerted a ne-
gative indirect influence on TW via all the morpho-
logical characteristics except DW, FA, FC, FT,
MT,and SC.
2.4 Cluster analysis on morphological cha-
racteristics

The phenotypic distance index based on
morphological characteristics ranged from 0. 047
(between N. nucifera ssp. nucifera Xiantaozaoou

|7

and Xingguotianou) to 0. 429 ( between N. nuci-
fera ssp. nucifera Zhaoyangbailian and Hongjian-
lian) . Cluster analysis grouped the original 68 rhi-
zome lotus landraces into well-defined pheno-
types. Starting at the trunk of the tree, which was
the entire domain of variation studied, five suc-
cessional groups were distinguished (Figure 2).
The means and standard deviations of the mor-
phological characteristics in each group were cal-
culated (Table 6). Group Il exhibited the highest
values among characteristics like TW, MW, ML,
and RW, followed by Group llIl. In terms of these
economical characteristics, group IV was lowest,
followed by group V.

~

g—\wr\)—\w—\mw = OO D2-W W
i’

M:Lw\lm_nm\lofn\l meO\\IjH])KDN

BOIN=
O1IN) 0O

I T T T T T T T T T T T T T T T T T T T ]
0.03 0.13 0.23 0.33 0.43

Coefficient
Fig.2 Dendrogram showing the results of a cluster analysis based on 19 morphological characteristics
of 68 rhizome lotus germplasms ( N. nucifera ssp. nucifera) from China
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Table 6 Means and standard deviations of morphological characteristics in each cluster obtained from UPGMA
dendrogram ( Fig.2) with 68 rhizome lotus ( N. nucifera ssp. nucifera) germplasms

Clusters
Characteristics
I [ M \Y %
DW 3.04 +1.16 2.60 +0.51 2.97 +1.09 3.53+1.33 2.41 +0.53
LL 66.39 +14.26° 74.73 +£8.49° 37.73 +3.79%® 42.48 +9.19% 32.73 +1.74%®
LW 56.75 +13.48° 64.32 £7.61° 31.89 +£3.43% 34.00 +6.63% 26.75 +3.30%
ML 80.33 +17.65%°  97.54 +15.35®  88.17 +18.70%®° 54.75 +12.61¢ 56.20 +21.94°
MN 4.33 +0.74 4.56 +0.57 4.50 £1.00 4.13 +0.63 4.63+1.25
MT 71.95 +7.76° 72.06 +7.05° 75.51 £10.31° 75.84 +3.59° 86.97 +3.39°
MW 1.10 +0.62° 1.83 +0.46° 1.56 +0.62° 0.46 +0.43° 0.67 £0.96%
PH 137.94 +£30.59°  150.78 +25.70°  150.98 +24.96° 97.25 +16.78° 79.65 +11.41°
RW 5.91 +1.58° 7.04 £0.62% 6.51 £1.31° 3.73 +1.86° 4.43 £2.06°
TL 16.69 +3.74° 18.11 +2.68° 17.98 +3.49° 11.38 +1.25° 10.40 +4.32°
™ 1.57 +0.97° 2.58 +0.76° 2.11 £1.01%® 0.60 +0.56% 0.76 £1.09%

Note:a,b,c and d represent significant difference (p <0.05).

2.5 PCA analysis

The first four principal components in the
PCA of the 19 morphological characteristics ac-
counted for 37.27,13.60,10.01,and 8.78% of the
total variation, respectively, and together ex-
plained 77.33% of the total variation among the
68 rhizome lotus landraces (Table 7). MW, TW,
RW and ML were the most important characteris-
tics contributing to the first principal component,
while FA,FT,MT,and MN contributed significantly
to the second principal component. For the third
principal component TL, DW, SA, LL, and LW
were the most important characteristics, while TB
and DG contributed to the fourth principal com-
ponent.

3 Discussion

Gaining information on correlation,path coef-
ficients, principal component analysis,and herita-
bility estimates of yield and vyield contributing
characteristics in rhizome lotus germplasms is re-
quired to define selection criteria for breeding
programs and new cultivar development. While a
large variation exists among the germplasms of
rhizome lotus in the rhizome yield, it has remained
unexplored due to lack of information on the rela-
tionships between component characteristics and

Table 7 Eigenvalue, Eigenvector and scores of the four
factors retained from the principal component analysis
(PCA) of 19 characteristics performed on 68 rhizome
lotus( N. nucifera ssp. nucifera) germplasms from China

Charac- pcar pca2 PCA3 PCA4
DG 19E-02 -0.34 -0.16 0.61
DV -0.70 0.20 055 ~0.13
FA ~0.46 0.69 6.3E-02 -0.18
FC ~0.26 0.53  0.21 0.34
FT -0.64 0.66 5.3E-02 -0.14
LL 0.66 0.28 0.4 0.29
LW 0.71 0.26 041 0.23
MC 0.62  -0.3 025 ~0.24
ML 0.82 0.24 -9.2E-02 -0.20
MN 0.50 0.43 -0.40 ~9.5E-03
MT  -0.17  -053 0.15 ~0.26
MW 0.89 0.10 -0.23 ~0.20
PH 0.71 0.37 030 ~0.18
RW 0.85  -0.20 -0.25 4.1E-02
SA 0.21 ~0.34 053 3.8E-02
sc 068  -011 -0.25 0.25
B 0.42 0.12  9.6E-02  0.80
TL 0.43  -0.24 055 ~0.15
™W 0.87 0.5 -0.30 ~0.13

Eigenvalue 7.08 2.58 1.90 1.67

T°tcﬂ(";2”)a”' 37.27 13.60  10.01 8.78
Vgrll‘;‘;‘é'jz'v/e) 50.87 60.88  69.66 77.33

their contributions towards vyield. Most former
studies concentrated on a small number of char-

acteristics!"'®! but in this study, 19 morphologi-
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cal and agronomical characteristics have been in-
vestigated simultaneously.

Highly significant positive correlation coeffi-
cient with rhizome yield was found for leaf length,
leaf width,ML, MN, MW, PH, RW,and TL ( Table
4). In former studies of rhizome lotus, TL, RW,
TW,and MW exhibited strong positive correlations
with rhizome yield!"® | consistent with our results.

The DW ratio (TL/RW) was negatively corre-
lated with TW (Table 4), although both TL and
RW were significantly positive with rhizome yield.
This ratio is an important descriptor of rhizome
yield. Generally, if the ratio value is more than
three, rhizome yield and nutritional content is low
and is coupled with poor taste. High DW ratio al-
most always occurs in wild lotus, flower lotus ,and
seed lotus ( see details in reference [2]) as well
as in a minor part of rhizome landraces. Fortu-
nately, this ratio can be reduced through artificial
selection and breeding from a desirable gene
pool. Group Il in Figure 1 consists of two cultivars
and those improved landraces with highest yield
and lowest DW ratio, while group IV includes tra-
ditional landraces which exhibit lowest yield and
highest ratio value (Table 6). Both characteristics
in the other three groups are intermediate.

The percentage of MT (MW/TW) was also
negatively correlated with TW despite the fact that
both MW and TW can significantly increase rhizo-
me yield. This is consistent with the findings of Ke
et al. (2000)!"®! When the MW and TW simulta-
neously increased, the increase speed of the lat-
ter was more than the former (Figure 2). For ex-
ample,when the MN increased from 3 to 4, the
number of knots on the son and grandson branch
(SN) increased from 3 to 7. Therefore, the ratio of
MN/SN decreased from 3/3 to 4/7. Within the
market, only the main stem of rhizome can be
sold, while the son and grandson branches are
often used as “seed”, thus the higher percen-
tage of MT is expected by farmers. If one cultivar
has a higher yield,more son and grandson bran-

ches would be produced and, except for part
used as “seed” ,abandoned.

Rhizome skin color (SC) was found to be
negatively associated with TW. Generally, the SC
of wild lotus, flower lotus, seed lotus, and many
rhizome lotus landraces are yellow or orange-
yellow. This color, however, is considered unde-
sirable by food consumers, with white being the
preferred choice. From our results,an increase of
yield improved this characteristic. In addition,
both flower type (FT) and number of flowers
(FA) were also negatively correlated with TW,
consistent with our field observations. The cultivar
or landraces with high yield often have no or fe-
wer flowers, which are usually flower type Da
(number of petals less than and equal to 20)
with white color ( see explanation in Table 2).
This may be attributed to the reduction of repro-
duction growth,and thus facilitation of vegetation
growth of the rhizome. Conversely, wild lotus,
flower lotus, or seed lotus more often have FA
with red colors and different types of flowers!?*!.

Path coefficient analysis divided the correla-
tion coefficient into a series of direct and indirect
effects of morphological characteristics on the TW
of rhizome lotus (Table 5). Path analysis showed
that only MW and LL had strong direct effects on
the enhancement of the TW of rhizome lotus, in
that order, while it was strongly negative for MT,
LW,FT,and DW. The indirect effects via MW ,ML,
RW, PH, MN, MC, LL, and TL substantially in-
creased the total correlations between the char-
acteristics and TW. However, those characteris-
tics via MW,DW,SC,FT,FA,and FC reduced the
positive correlations with TW considerably.

Rhizome maturity (MC) is an important in-
come factor for farmers, who often use pre-ma-
ture cultivars to sell its rhizomes as early as pos-
sible for a higher price. During our field survey,
however,if a cultivar was pre-mature, its rhizome
yield was obviously lower than a serotinous one.
From the results of this study, MC was positively
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correlated with MW, TL, and TW, but not signifi-
cant with TW (Table 4). Likewise, path analysis
showed positive but very weak direct effect on
the increase of yield (Table 5). Therefore, MC is
not an absolute characteristic to describe which
cultivar is pre-mature or serotinous,or to increase
the rhizome vyield by using serotinous cultivar.
These results are consistent with reports by Ke et
al. (2003)"! . Indeed, the MC characteristic was
closely correlated with underground depth of ripe
rhizome (DG). Generally, the rhizome planted at
an underground depth ranging from 20 to 30 cm
was less mature than that of DG with 50 — 60 cm,
and the former’ s rhizome yield was lower than
the latter. Similarly, if one specific cultivar was
planted in different water depth aboveground,the
rhizome yield also changed. According to our
field survey,for example, if the cultivar “Elian 5”
('see details in reference [2]) was cultivated in a
rice field with a water depth of 10 — 20 cm, the
characteristics of the harvest rhizome showed 5 —
6 knots on the main stem (MN), a width of the
section between the third and the fourth knot
(RW) of 7.0 —=7.5 cm,and a mean weight of sec-
tion between two knots (WT) of 0.4 —0.5 kg. If
the same cultivar was planted in a pond with a
water depth of more than 1 m, however, the cha-
racteristics of its rhizome displayed a MN of 3 —
4 ,RW of 7.5 -8.5 cm,and WT of 0.75 —1.0 kg. All
these field surveys verify that the DG characteris-
tic had no or very little effect on rhizome yield
(Table 4 and Table 5). The reason why the culti-
var planted in shallow water depth and/or under-
ground depth is less mature may be attributed to
the rapid increase of soil temperature when the
air temperature is increasing in spring. This in-
crease in soil temperature facilitates the germina-
tion of “seed” rhizome and takes advantage of
this during the entire growth season till harvest.
A dendrogram based on the 19 morphologi-
cal characteristics clustered all 68 rhizome lotus
germplasms into five groups (Figure 2). Among

all samples,only eight clustered in group IV and
group V, and they exhibited more genetic dis-
tance. This result is in accordance with the reality
that these landraces were collected from different
regions showing genetic distinctness, with some
cultivated in their own specific and remote envi-
ronments for more than 100 years, such as Shi-
beihuaou and Chengjianglian from Chenggong
and Chengjiang, Yunnan provinces!"”!. The mor-
phological characteristics of these five groups
were calculated to help determine the evolution-
ary processes. Based on TW character,the rhizo-
me yield was in this order, group IV <group V <
group | <group Ill <group Il (Table 6). All cha-
racteristics, except for DW and MT, exhibited the
same trend, while these two characteristics dis-
played the converse order. The evolutionary di-
rection of rhizome lotus may be, therefore, from
small to large among all morphological character-
istics ,except DW and MT. This analysis is in ac-
cordance with the evolutionary direction of TW,
MN,and MW reported by Ke et al. (2000) "), On
the other hand, however, both DW and MT char-
acteristics are reduced when the rhizome yield in-
creases (as mentioned above).
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