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Abseract. The relationships between fruit vield and vield compaonents in several cucumber
(Cuermis sativas L) populations were investigated as well as how those relationships
changed with selection for improved Fruit vield. In addition, the correlations between fruit
yield and vield components were partitioned into partial regression coeflicients (path
cocfficients and indirect effects). Eight genetically distinct pickling and slicing cucumber
populations, differing in fruit vield and quality, were previously subjected to modified
half-sib Family recurrent selection. Eight Families from three selection eycles (early,
intermediate, late) of each population were evaluated for yield components and Truit
number per plant in four replications in cach of two testing methods, seasons, and years.
Since no statistical test for comparing the magnitudes of two correlations was available, a
correlation () of 0.7 to L0 or L7 to =10 {7 = 0.49) was considercd strong, while a
correlation of —0.69 to 1L.69 was considered weak, The number of branches per plant had
a direct positive effect on, and was correlated (r = 0.7) with the number of total fruitl per
plant over all populations, cycles, seasons, years, plant densities, and replications. The
number of nodes per branch, the percentage of pistillate nodes, and the percentage of fruit
set were less correlated (r < |0.7]) with total fruit number per plant {fruit yield) than the
number of branches per plant. Weak correlations hetween yield components and Truit
yield often resulted from weak correlations among vield components. The correlations
among fruit number traits were generally strong and positive {r Z0.7). Recurrent selection
for improved fruit number per plant maintained weak path coefficients and correlations
between yield components and total [ruit number per plant. Selection also maintained
weak correlations among yield components. However, the correlations and path coeffi-
cients of branch number per plant on the total fruit number became more positive (r=0.67,
0.75, and (.82 for early, intermediate, and late cycles, respectively) with selection. Future
breeding should focus on selecting for the number of branches per plant to improve total
fruit number per plant.

Fruit vield in cucumber is quantitatively
mherited, with low heritability, making it dif-
ficulttoimprove { Smithetal., 19782 One way
to improve vield indirectly is o select asecond
trant that has high heritability and is correlated
with wield. The correlation between a particu-
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Tar trait and vield results from the direct effect
ol that it and the indirect effects of other
traits, Cramer { 1997 ) reported that the number
of branches per cucumber plant was positively
correlated with total fruit number per plant in
a pickling cucumber population, The positive
association between total fruit and branch num-
ber resulted from the direct effect of branch
number per plant and the indirect effect of
other traits, such as node number per branch,
percentage of pistillate nodes, and percentage
of fruit set.

One goal of indirect selection 15 o find
yield components that have a strong direct
effect on fruit number per plant with linle
negative influence from other yield compo-
nents, Path analysis can be emploved to par-
tition the corretation between vield compo-
nents and yield into direct and indirect ef-
fects, Path analysis measures the direct effect
of one trat on another trail by generating
standardized partial regression coelficients
ipath coefficients) that are independent of

original units of measurement (Li, [973;
Wright, 1921, 1934 A lorge path coefTicien
indicates that the change will result in 2
proportional (or inversely proporiional)
change in another correlated trait, whereas a
weak coefficient indicates that the change
will have little effect on the second trait, In
addition to the direet effects, the indirect
effects of yicld components shouold be calcu-
lated (based on the correlations among yield
components), The indirect effect for each
vield component is caleulated by multiplving
the correlation between two components by
the direct effect of the opposite yield compo-
nent, Path analysis has been wsed ina number
of horticultural crops to study the relation-
ships between vield and yield components
(Hancock et al., 1984; Karlsson et al,, 1985,
McGiffen et al., 1994; Ranalli et al., 1981;
Shasha'a et al., 1973: Siefker and Hancock,
1956}

We initiated several studies {Cramer and
Wehner, 1998z, 20007 in cucumber to exam-
ine the potential of using selection of yield
components to improve total fruit number per
plant (total yield) indirectly. We investigated
the correlations between yield components
and rotal yield by partitioning the correlations
inta path coelficients and indirect effects
through the vse of path analysis, In addition,
we examined the correlations among vield
components, and the cormelations among total,
marketable, and carly fruit number per plant,
A major objective was to examing the influ-
ence of recurrent selection and testing method
on correlanons, path coefficients, and indirect
effacts.

Materials and Methods

Eight genetically distinct cucumber {four
pickling and four slicing) populations that
differed in fruit yield and quality (Wehner,
1997, 1998, 1998h) were evaluated. Those
populations were developed by intercrossing,
then selected for 6 to [0 eycles using modified
half-sib recurrent selection to improve fruit
yield, earliness, and shape {(Wehner and
Cramer, 19964, 1996b), Half-sib families were
selected in the spring season based on a simple
weighted index (SWI), which was based on
yvield {70%) and guality (305%) traits (Wehner
and Cramer, 19963, 1996b). Three cycles of
recurrent selection (earliest. intermediate, lat-
est) were chosen from remnant seed of each
population (Cramer, 1997; Cramer and
Wehner, 1998a, 2000). For each of the 24
population-cycle combinations, eight fami-
lies were chosen randomly and self-pollinated
in the grecnhouse.

5, families were tested using a randomized
complete-block designarranged inasplitsplit-
plot with Four replications in each of two
seasons (spring, summer) in cach of 2 years
(1995, 1996), using two testing methods; hill
(6450 plantsha) or plot (64,500 plantstha),
Whole plots were the eight cucumber popula-
tions (wide, mediem, elite, and special of
pickling and slicing types), subplots were three
cycles of recurrent selection (early, imermedi-
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e, Lute), and sub-subplots were testing method
(hill or plot} (Cramer, 1997; Cramer and
Wehner, 1998a, 2000),

The planting methods and cullural prac-
tices have been reported previously (Cramer,
1997: Cramer and Wehner, 1993a, 20003).
The plot testing method was chosen based on
the plant density suggested by Wehner (1986)
for pickling cucumbers grown for multiple
harvest in North Carolina. The 3.1-m-long,
rordered, test plots were harvesied once-

er by hand at the 10% oversize (=51 mmin
diamerer for pickles and >60 mm in diameter
far slicers) stage as recommended by Miller
and Hughes { 1969} for optimum yield. Each
plot was evaluated for fruit shape; total num-
ber of branches (main stem and lateral
branchesy, number of nodes on main and
lateral branches; pistillate flowers; and num-
ber of total, early, and marketable fruit. The
number of branches per plant, number of
wodes per branch, percentage of pistillate
sades, and percentage of fruit set were clas-
sificd a5 vield components, while total, mar-
ketahle, and carly fruit number per plant were
classified as fruit yield traits { Cramer, 1997},

Plots having alow stand were corrected to
30 plants per plot by dividing the observed
yield component and fruit yield measure-
ments by the eurrent number of plants per
plot and then multiplying by 30 (Cramer,
1997: Cramer and Wehner, 19982, 1998b,
20003, Path coefficients, correlations among
yield components and among yield traits,
indirect effects of other yield components,
and correlations between yield compuonents
and fruit yield were determined using
PathSAS (Cramerctal., 1999), The PathSAS
program standardizes the data to conform to
anormal distribution with a mean of zere and
a standard deviation of one. Afier siandard-
ization, multiple regression analysis 18 used
tocalculate the partial regression cocfficients
{ path cocfficients) for each yield comiponent
and its effect on total fruit number per plant.
Pearson correlation coelficients were caleu-
lated For the relationships among yield
components and among yield traits, Indirect
effects were calculmed by multiplying the
respectivecorrelation coefficient between the
two yield components by the path coefficicnt
for the indirectly related yield component.
The correlation between a yield component
and total yield was determined by summing
the path coefficient hetween total yield and
the yield component of interest with the indi-
rect effects of the other yield components on
total yield.

Since no statistical test for determining the
importance of path coefficients was available,
we decided to identify them as strong [(1.7 to
1.0 or-0.7 to=1.0(F = 0.491] or weak (-0.69
to 0.69), Correlations were caleulated among
yield components, among yield traits. and
between vield components and total yield, for
each selection cycle, and over testing meth-
ods, cveles, seasons, years, replications, and
populations. In addition, estimates were madse
of path coefficients for each yield component
and of the indirect effects of each yield
component.
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Resulls and Discussion

Latest cvele of selection. When averaged
over all populations, cycles, seasons, years,
plantdensities, and replications, the number of
branches per plant had a positive direct effect
i r=10.741 upon the total fruit number per plant
{Fig. 1). As a result, the correlation between
branch rumber and the total number of fruit
per plant was strong and positive (r = 0.70)
(Table 13, The strong association between
branch number per plant and totad fruitnumber
per plant can be attributed partially to the use
of LT 90430 (C. satives var, ardwickii Alel,
PI 183967). That accession was used as a
parent in the formation of several populations
(Wehner, 1997, 19898h), LT 90430 is unusual
in having many branches and fruit per plant
(Fredrick and Staub, 1989; Kupper and Staub,
1989: Staub, 1983). A strong correlation be-
wween branch and fruit number also was ob-
served in o cross between two diverse cucum-
ber lines {Serquen et al, 1997). One of the

parents used in their cross, H-19, had a large
number of small lateral branches per plant, but
did not have © safives var. hardwickif
garmplasm. When these lines were tested in
Georgia, Serquenand co-workers (1997) iden-
tified a single quantitative trait locus (QTL)
that explained 40% of the variation in lateral
branch number and 9% of the variation in [ruil
nurmber. The karge contribution provided by a
single QTL 1o lateral branch number may
partially account for our finding of a strong
correlation between the number of branches
and total fruit per plant,

Branch number also exhibited a positive
direeq effect that was positive on marketable
and early fruit number per plant, However, the
effect was weaker than for wral fruit number
(Fig. 1, Table 1). The reduced direct effect of
branch number on early fruit number per plant
may be partially attributable to LY 90430, In
order for LT 90430 1o produce many fruit,
plants must accumulate a large photosynthetic
area to support the growth of 2 farge number of
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Fig. 1. (A) Parh diagram of correlation coefficients among vield components, (B) direct effects of yield
componenis on fruit pumber traits, and (C) corrclation enefficients among Fruit number raits in

cucumber.

Table 1. Direct {underfined) and indirect effects and total correlations of yield components with total,
markerable, and early Fruit number per cucumber plant.

Yield Branches Noedes Pistitlate Fruit Total
component per plant per branch nodes (5} el (50 ) comelation
Total fruir number per plans

Branches per plant 074 .04 0.03 —{r04 0,70
Modes per branch 008 037 =(L07 002 0.25
Pistillate nodes (%) 0.7 (.07 .36 10 .25
Fruit set (%) {110 003 ~13 028 0.0

Markesable fruir nimber pee plant
Branches per plant 066 004 0.03 0,03 (.63
Modes per hranch 04 0.35 -0 .02 (.24
Pistillate nodes {5¢) 006 .07 .3 =[1.004 Q.22
Fruit set (%) .04 iz -0 11 (23 (L0
Early fruit nisher per plant
Branches per plant 0,50 -0.02 002 -102 049
Mades per branch 1.5 0,20 .05 .01 0.1l
Pistillote nodes (%) 0105 0.0 26 -0.05 021
Fruit set (5] =104 (0t 0% 014 0.0
709
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fruit. The small photosynthetic area of €
sarfvies var. sativas allows the plant to support
only one developing, seeded fruit at a time
(Pharr et al., 1985). LT 90430 plants may
circumvent the problem of “first-fruit inhibi-
tion™ by having separate vegelative and repro-
ductive growth phases. In doing so, the plants
do not produce fruit early (<45 o) as do C
sativis var, sativis planes. Henee, the effect of
branch number on early fruit number of C
seitivas var. frardwickiiis weaker than its effect
on tofal freit nember of LT 90430 plants, This
trait has been maintained in some C, sativas
var. hardwickii-derived cucumber populations,

Branch number wis highly and positively
(r="0.7) correlated with total fruit number per
plant suggesting that direct selection for branch
number might result in larger gains in fruil
yield than direct selection for fruit yield itself,
particularly if branch number has higher heri-
tability than fruit yield. Although heritability
af branch number was not determined in our
stedy, a1 least four QTLs were associated with
variation for the number of lateral branches in
a narrow cross using two diverse cucumber
lines depending on the growing environment
(Serquen etal., 1997). Therefore, the number
of branches per plant would be expected o
have higher heritability than fruit number,
which is controlled by many genes and has low
heritability (Smith et al., 1978),

When averaged over all populations,
cycles, seasons, years, plant densities, and
replications, all yield components besides
branch number per plant exhibited weak
(=0L69 = r < 0L69) direct effects and weak
(0169 = r=0.6%) total correlations with total,
marketable, and early fruit number per plant
(Table 1). Solanki and Shah (19859) also ob-
served weak correlations between the num-
ber of fruit per plant and the number of leaves
(i.e., nodes per branch) and female flowers
per plant (i.e., percentage of pistillate nodes).
These results suggest that, without prior test-
ing of the carrelations between fruit number
and yield component within a cucumber popu-
lation, indirect selection based on the number
of nodes per branch, the percentage of pistil-
late nedes, or the percentage of fruit set
would not be recommended for increasing
the number of cucumber fruit per plant. How-
ever, for particular population—cycle-season
combinalions, correlations belween those
yield components and total fruit number per
plantcan be strong and positive, and could be
used in a breeding program to improve fruit
number based on indirect selection {Cramer,
1997; Cramer and Wehner, 1998a, 2000). For
example, the percentage of fruit set was
pusitively correlated (r = 0.80) with the num-
ber of total and marketable fruit per plant of
a wide-based slicer population (NCWBS)
tested in the spring season in North Carolina
(Cramer and Wehner, 1998a).

The weak correlations (.69 £ r < 0.69)
between the number of nodes per branch, the
percentage of pistillate nodes, and the percent-
age of fruit set vs, total, marketable, and carly
fruit number per plant resulted from weak path
coeflicients (-{L69 < r < (L69) for cach yield
component. and also resulted from weak
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(—0.69 = r< 0.69) indirect effects with other
vield components (Table 1) The weak indi-
rect effects probably resulted from the weak
correlations among yield components (Fig. 1),
The indirect effects on branch number per
plant exhibited the lowest average absolute
correlation among the four yield components
{Table 1). The strong, positive correlation
{r=10.7T1between branch and total fruit number
perplant resulted from the strong, direct effect
(g =10.74) of branch number and the correla-
tion was little influenced by other vield com-
ponents. Hence, indirect selection based on
branch number would not be influcnced by
uther vield components, such as the number of
nodes per branch. Although the number of
branches per plant exhibited a strong path
coefficient (r = 0.74) with total fruit number
per plant, the indirect effects of branch num-
ber on total fruit number through other yield
components was weak (-0.69 £ r = 0L69),
mainly as a result of the weak correlations (r=
~0.04, 0.03, -0.04, respectively) between
branch number and other vield components
{Table 1). As a result, the indirect effects of
branch number do not contribute to the corre-
lation of other vield components with total
fruit number per plant.

In our study. the correlations among fruit
number traits were strong and positive (r >
0.6%) when averaged over all populations,
cycles, seasons, years, plant densities, and
replications. Total and marketable fruit num-
ber per plant exhibited the sirongest correla-
tien {r = 0L87) among fruit number traits (Fig.
I} In previous studies strong, posilive corre-
lations between total and marketable fruit num-
ber per plant have been observed in pickle and
slicer populations (Cramer, 1997 Cramer and
Wehner, [998a, 2000). In general, selection to
increase the tota] number of fruit per plant also
would increase the number of marketable and
early fruit per plant.
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Cyveles of selection. Tn order 1o determine
the effect of recurrent selection on yield com-
ponents and fruit yield, direct effects, indirect
effects, and correlations of these variables
were caleulated foreach selectioneyele (early,
intermediate, late) averaged over populations,
seasons, years, plant densities, and replica-
tions (Fig. 2, Table 2), Three of four of the path
cocfficients and correlations between yield
components and total fruit number per plant
were weak at the early selection cycle and
remained weak with selection. Of the four
yieldcomponents, only the numberofbranches
per plant had a strong, positive path coefficient
{p=0.75) and correlation (r=0.72) with the
total number of fruit per plant at the interme-
diate eycle of selection, and this strong corre-
lation was increased with selection (r=0.77)
(Fig. 2, Table 2). The contribution of C. sativus
var. hardwickii 1o those populations may
account for the strong association between
branch and fruit number. Weak correlations
among yield components at each cycle of
selection (Fig. 2) resulied in weak indirect
effects for each yield component at each cycle
of selection {Table 2). Even though the direct
effects of branch number per plant increased
with selection, the indirect effects of branch
number on other yield components were weak
initially and remained weak with selection.
The weak indircct effects resulted from weak
correlations between branch number and the
other yield components. Thus, the nember of
branches per plantcould be selected to improve
fruit yield without changing the relationship
between branches per plant and other yield
COMPOnEnLS,

The correlations among total, marketable,
and early fruit number per plant also were
examined to determine the effects of selection
on the relationships among these traits. The
correlation between total and marketable fruil
number per planlt was positive and strong

Marketahls
Fruit mumber
087 fplant
L)
a8 i~
Total fruit :-:
numler C ¥
iplant 0.71
[iL. 0
A2 L |
e Enrly fruit
numberplant

Fig. I. (A} Path dizgram of comelation coefficients among yield components, (B) dircct effects of yield
compaonents on otal fruit number per plant, and (C) correlation cocfficients among fruit number traits
int cucumber for three cycles of selection [early (1), intermediate {23, late (3)].
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Table 2, Direct (underlined ) and indirect effects and total correlations of vield components with total fruit

Li. C.C. 1975, Path analyvsis—A pnmer. Boxwood
number per cucumber plant during recurrent selection (three cycles).

Press, Pacilic Geove, Cahil,
MeGiffen, MUE,, I, D2, Pantene, and LB, Masivnas.

Yield Branches Nodes Fistliale F""{'_I, T"“'_II 1994, Path analysis of teman vield componens
companent per plam per branch nodes (%) set (%) cormclution in relation e competition with black and enstern
Rranches per plant black nightshade, 1. Amer. Soc, Hort. Sei, 11926

Early 067 -0.03 02 i 0.62 I,
Intermedizte 073 .05 (.06 =0k 0,12 Miller, C.H. and G.R. Hughes. 1969, Harvest
Late .82 -0 .01 s 077 indices lor pickhing cucembers for once-over
Nodey per braneh L}iigﬂﬂ;yﬁ!umﬁ. 1o Amer. Soc. Horl. Sci.
ngfmtdim: j:g: % ::::{IS g:'.]:l gi; Flaarer, DML 5.0, Hober, end HS_ Sox, 1985, Lead
Late 008 0.8 008 0.0 07 carbuh}:d e stans amd enzymes v:_ﬂ'l;mns]m:.:.lc
synthesis in fruting and vegetitive plants of
Pistillate nodes (%) Cucamis sativaes L Plant Physiol. 77 04108
Early 0,04 -0.07 041 -1l 026 Ranalli, P, M. DiCandile, | Giordano, and B.
Intermediate 0.14 008 D32 =10 027 Cusarini. 198 1 Correlation and path analysis in
Late 0,02 -0.05 12 .07 0,24 peas {Pisum sarivien L) for processing. £

Frair ser (57) Pllanzenzuechl, 8608 186,

Early 0% .04 0,13 (1,35 018 Serquen, F.C., 1, Bacher, and LE. Stwwb. 1597,
Intermediate 113 00z .13 023 -{1.01 Mapping and QTL analysis of hoicelural traics
Late {105 .01 =110 (1,25 008 im & narrow cross in cucamher { CHeintis Setivis

{r = (L87) at the carly cvele and remained
strong with selection (v = [L88 at the latest
eycle) (Fig, 2). The correlation between total
and early fruit number per plant was positive
and weak (r = (0L38) at the early cycle and
remained weak (r= 0.62) (e.g.. at the laest
cycle). The correlation between carly and
marketable fruit pumber per plant was weak
and positive at the initial cycle of selection (r
= (L63) and became strongly positive by the
latest cyele of selection (r = 0710 Thus,
selection 1o increase the number of wtal fruit
per plant also should increase the number of
marketable fruit per plant. In addition, selec-
tion to increase the number of marketable fruit
per plam will increase the number of total and
early fruit per plant.

For the yield components measured, the
number of branches per plant had the greatest
direct effect on 1ol fruit number per plant
correlations between other yield components
and total fruil number were weak, Moreover,
the dircct effects of the number of nodes per
branch, percentage of pistillate nodes, and
percentage of fruit set on the total number of
fruit per plant were weak. Likewise, with
respect 1o total fruit number per plant, the
indirect effects of vield components on each
other were weak for all yield components,
Those weak indirect effects and correlations
resulted mainly from weak correlations among
yield components. Therefore, selection for an
increascd number of branches per plant could
be used 1o improve total yield, whereas selec-
tion for number of nodes per branch, percent-
age of pistillate nodes, or percentage of fruil
set would not increase fruit vield. Sclection for
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aninerease inthe number of branches per plant
will result in little change in other yield
components.
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