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Abstract:

Due to climate change and regulations, lettuce growers are faced with producing a crop with less
water and less nitrogen (N) fertilizers. To sustain the lettuce industry at its current economic
levels both water and nitrogen use efficiency will need to be improved. Efficiencies can be
realized through cultural methods and by utilizing cultivars that have been bred to use less water
and N fertilizers. Our project seeks to improve both water and nitrogen use efficiency through
breeding. In this project, an F7 recombinant inbred line (RIL) of lettuce was evaluated for root
biomass, root architecture, leaf and root N and carbon (C) content. The F7 RIL, named D221 x
W34, was created from a cross between two high N leaf concentration genotypes, but contrasting
root biomass when grown under low N. The D22 x W34 population was grown under a non-
limited N treatment (N100; 280 kg N / ha) and a limited-N treatment (N50), which was half the
N amount of the N100 treatment. The population average fresh head weight was similar for the
two N treatments and the population mean root length and root biomass was greater in plants
grown under N50 than N100. For both the N100 and N50 treatments, a moderately strong
correlation was observed between root biomass and head weight. Root N concentration was
moderately correlated with leaf N concentration in the N50 treatment, and a lower correlation
observed for plants grown under N100, and the population mean root biomass was also greater
when plants were grown under N50 than N100. We observed a wide range of responses in the
D221 x W34 population that should help us realize our long-term goal of combining high N
uptake, high leaf N concentration, and increased root biomass when grown under limited N.
Selecting based on root biomass is tedious, difficult and expensive. Future efforts will focus on
identifying alleles that are associated with rooting traits and if found, developing markers to aid
in selection.

Objectives:

Objective 1. Determine root length and root biomass of a newly derived F7 interspecific RIL
population derived from an interspecific cross between a high NUE wild species (Lactuca
serriola) and a domesticated lettuce selection when grown under limiting and non-limiting N.

Objective 2. Determine leaf N concentration of the lettuce F7 RIL population when grown under
limiting and non-limiting N.



Objective 3. Determine relationship between leaf N concentration and root biomass of genotypes
grown in Objective 1 and 2.

Objective 4. Identify quantitative trait loci (QTL) associated with root biomass under non-
limiting and limiting N.

Procedures:

Objective 1. Screen a newly created F7 RIL population (named ‘D221 x W34’) derived from a
L. sativa x L. serriola cross. The D221 x W34 population is segregating for root biomass, leaf N
concentration, and ability to increase root biomass under low N (relative to control conditions,
i.e., non-limited N).

A RIL population derived from parental lines D221 and W34 was evaluated for rooting traits
when grown under non-limited (280 kg N/ha) and limited N (140 kg N/ha). In an earlier trial
where 1595 genotypes were screened for leaf N concentration, both parental lines were in the top
2.5 percent and were classified as a high leaf N concentration phenotype, defined as greater than
61.2 pg N/mg leaf dry weight. The parental line D221 was selected from an existing RIL
population (Diplomat x Margarita RIL population) and although the D221 line has high leaf N
concentration, it does not increase root biomass when grown under low N. The other parental
line, W34, is an L. serriola accession and has higher leaf N concentration than D221, and
importantly, it increases root biomass when grown under limited N. D221 x W34 is the third
RIL population created to combine high leaf N concentration with high root biomass and head
weight when grown under limited N.

In the experiments reported here, 220 genotypes from the D221 x W34 F7 RIL population were
evaluated. Five plants of each genotype were grown in 20 L (~5 gallon) containers filled with
high porosity peat-based media. The plants were grown under two N treatments that included a
non-limiting N treatment equivalent to 280 kg N / ha (250 lbs N / acre) and a second, limiting N
treatment, equivalent to 140 kg N / ha (125 Ibs N / acre). A complete (major plus minor
nutrients) fertilizer was added to pots of both treatments and additional N (as urea) was added to
pots of the non-limiting N treatment to a final amount equivalent to 280 kg N / ha. Beginning at
week five, pots from the non-limiting treatment received additional N, distributed equally across
four applications at seven-day intervals. Thus, P, K and all micronutrients were identical
between the two treatments and the only difference between the fertilizer treatments was the
additional N in the non-limiting treatment. All treatments received equivalent amounts of water
at frequent intervals to ensure that photosynthesis and plant growth were not limited by
insufficient water availability, and to ensure adequate uptake of N through mass flow and driven
by transpiration.

At market maturity, plants were harvested (3 plants / family, 220 families x 2 N treatments) and
leaf and root fresh weight, and root dry weight was determined. Due to a lack of oven space, leaf



dry weight was not determined. The peat-based media was carefully washed from the roots to
ensure comprehensive recovery of roots. Roots were spread out on trays, the root length
measured, and air dried and photographed for root architecture evaluation. The roots were oven
dried at 60 °C for 48 h and the dry weight obtained.

The highly inbred parental lines were used as environmental and physiological checks and were
randomly replicated six times across the experimental field. Root length and root biomass data
were subjected to an analysis of variance with treatment as main effects. Three biological
replications were used for each genotype and the mean value used for ranking and pairwise
comparisons. Pairwise differences were used for each genotype to determine if root biomass or
root length were affected by N treatment.

Objective 2. Determine leaf N concentration of the D221 x W34 RIL population when grown
under limiting and non-limiting N.

Using the same plants as in Objective 1, leaf and root samples harvested at market maturity were
used to determine N and C concentration, and '*C and °N isotope discrimination. Samples were
sent to the UC Davis stable isotope lab for analysis. Because C and N metabolism are coupled
and highly regulated, these data can provide insight into the physiological mechanisms,
metabolic pathways and resource allocation when N availability is limited. Highly inbred RIL
populations were used and observed differences may indicate allelic variation that can be
identified and used to improve N efficiency.

To determine treatment differences at the population level, leaf and root C and N concentration,
13C and N isotope discrimination values, root biomass, root length, and head weight were
subjected to an analysis of variance with N treatment as the main effect. Isotope discrimination
data are not included in this report, however.

Objective 3. Determine the relationship between leaf N concentration and root biomass of D221
x W34 RIL population grown under limited and non-limited N.

As reported in previous annual reports, in some instances, we observed that genotypes selected
for high leaf N concentrations did not have the propensity to increase root biomass when grown
under low N. This is not a desired trait. Objective 3 seeks to identify genotypes (families) that
combine both increased root biomass with high leaf N concentration. If such plants are found,
we predict that those genotypes will have greater NUE and will attain head size and weight with
a fraction of applied N compared to current available cultivars.

To determine correlations between the measured traits, data were subjected to a Pearson’s
correlation analysis. Within each treatment (non-limited N, termed N100, and limited N, termed
N50), all pairwise correlations were tested for the variables listed previously. In this report, we
provide the correlations for comparisons between root N concentration and leaf N concentration,
head weight, and root biomass, and between leaf N concentration and root biomass. These data
establish correlations (both positive and negative) among the traits that can suggest if trade-offs



exist between root biomass and leaf N concentration, root biomass and head weight, and if they
exist, the strength of that relationship.

Objective 4. Map each trait as quantitative trait loci.

A separate project was funded by the CDFA and a USDA specialty crop grant in which DNA was
extracted from this population and subjected to genotyping by sequencing. A genetic map will
be created, and identification of quantitative trait loci will be attempted for each measured trait.
At the time of this report, the sequencing data had not yet been received. We will report the
results of the mapping of these traits in a future report.

Results and Discussion:

At market maturity, plants were harvested and the growing media carefully washed from each
plant to recover the roots. Although time consuming (~40 minutes per plant), the system allowed
almost complete recovery of the roots and preserved the fine roots and architecture. As
expected, root length biomass and architecture differed among the families in the D221 x W34
population (Figure 1).

Figure 1. Root images of parental lines D221 and W34 grown under limited N (N50) or non-
limited N (N100) and harvested at market maturity.
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Figure 2. Frequency distribution of head weight, root length and root biomass of the D221xW34
RIL population grown under limited N (N50) or non-limited N (N100) and harvested at market
maturity.
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The distribution of head weight was similar for both N treatments in the D221 x W34 population,
with the N100 population average slightly higher than the N50 average (but not statistically
significant; Figures 1 and 2). The distribution of root length and root biomass of the F8 families
grown under reduced N more closely resembled a normal distribution than those grown under the
N100 treatment, which tended to skew to lower values (Figure 1). The population average of root
length and root biomass was significantly higher in plants grown under reduced N (Prob > F
<0.0001 and Prob > F =0.0056, respectively; Figure 2).
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Figure 3. Distribution of head weight, root
length, and root biomass of the D221xW34
RIL population in response to N treatment
(N100 non-limited N; N50, limited N).
Vertical dots indicate averaged family
values for that trait and treatment. Green
diamonds represent the mean value (middle
horizontal line) and the 95% confidence
intervals (top and bottom green horizontal
lines) of the respective N treatment. Within
a panel, the blue horizontal line represents
the population average of the N50 and
N100 treatments. The p-values of each trait
are provided at the top of each panel.

The objective of these trials was to evaluate the relationship between root biomass and root
length, N and water uptake in the D221 x W34 RIL population. We hypothesized that greater
root biomass and/or longer roots would be positively correlated with leaf N concentration and
that was observed. For both the N100 and N50 treatments, a moderately strong correlation was
observed between root biomass and head weight (r = 0.42 and 0.35, respectively, Prob >r <

0.0001; Table 2).



Interestingly, root N concentration was moderately correlated with leaf N concentration in the
N50 treatment (r = 0.49, Prob > r <0.0001; Table 2) but only moderately correlated under the
N100 treatment (r = 0.27, Prob > r < 0.0001; Table 2), perhaps indicating a shift in N
mobilization under limited N. Similarly, under the N50 treatment, a moderately strong negative
correlation was observed between root N concentration and root biomass (r = -0.46 Prob >r <
0.0001; Table 2) and a weaker negative correlation was observed between root N concentration
and root biomass in the N100 treatment. The mean leaf and mean root N concentration in N100
plants was about 9% and 17% higher than plants grown under N50 (Table 1).

Table 1. Population means, minimum and maximum of the D221 x W34 RIL population grown
under non-limited N (N100) or limited N (N50). Mean values are given under the treatment
columns, with minimum and maximum values presented in parentheses. Data represents the
averaged value of three plants per treatment, N=220 F7 families.

Trait N100 N50

Head weight (g fwt) 247 (50-465) 232.5 (35-425)
Root length (cm) 59 (33-120) 64.8 (36-96)
Root biomass (g dwt) 2.25(0.83-4.95) 2.55(0.57-6.1)
Leaf N concentration (ug/mg dwt 54.7 (39.4-70.1) 50.4 (31.7-61.8) ;
Root N concentration (pug/mg dwt) 39.7 (26.4-50.7) 33.9 (25.3-46.9)

Table 2. Pearson correlation coefficients and probability >  of root and leaf traits measured
in the D221xW34 RIL population.

Correlation Probability

Treatment Traits (3] >r
N100 Root biomass vs head weight 0.4204 <0.0001
Root N concentration vs leaf N concentration 0.2670 <0.0001
Root N concentration vs head weight -0.2942 <0.0001
Root N concentration vs root biomass -0.2961 <0.0001
Leaf N concentration vs root biomass -0.2509 0.0002
N50 Root biomass vs head weight 0.3475 <0.0001
Root N concentration vs leaf N concentration 0.4954 <0.0001
Root N concentration vs head weight -0.0684 0.3158
Root N concentration vs root biomass -0.4613 <0.0001
Leaf N concentration vs root biomass -0.3363 <0.0001

When grown under non-limited N (N100; 280 kg N / ha), root biomass and head weight were
highly correlated in the D221 x W34 RIL population (=0.42, Prob < 0.0001; Table 2). Similarly,



when the RIL population was grown under limited N (N50; 140 kg N / ha), root biomass and
head weight were highly correlated (=0.35, Prob < 0.0001; Table 2). Root N concentration was
correlated to leaf N concentration, indicating transport of N from the soil to the leaf (non-limited
N, =0.27, Prob < 0.0001; Table 2).

Similarly, the minimum and maximum values for leaf and root N concentration of the plants
were higher in the N100 treatment than the N50 treatment. Plants strive to optimize leaf N to
support photosynthesis. We can speculate that as N becomes limiting in the leaves, the plant
shifts more of its resources into root biomass and root length, at the expense of maintaining a
higher leaf N concentration. This allows plants to access a greater volume of soil, and increase
water and N uptake, which in turn will lead to higher leaf N concentrations. This strategy has
been observed in other plant species and crops, but it is highly plastic. Our trials and mapping
data should allow us to identify loci associated with this desirable trait. However, root growth
should not come at the expense of head weight or size.

These observations indicate that N mobilization from the roots to leaves is different between the
two treatments as the plant seeks to optimize and maintain a C and N balance. Transporting
more N to leaves helps support photosynthesis and growth under limited N, but increased
mobilization to leaves may preclude adding root biomass and root length. It is important to note
the range of genotypic responses, which indicates an opportunity for selection. The range in
response will allow us to identify genotypes from the D221 x W34 RIL population that have both
high root biomass and high leaf N while maintaining head weight and size.

While these trials did not include a water-limited treatment, in other studies where water was
limited to 65% ETo, we found a positive relationship between root biomass and high A13C
values, which indicates plants with greater root biomass had higher leaf water potential values
and therefore, less water stress. Leaf N concentration was used as a proxy of N uptake from the
roots; A13C values was used as proxy of water uptake from the roots. Higher values of leaf N
concentration result in greater photosynthesis and greater photosynthetic efficiency. From our
previous research we observed that high leaf N genotypes gain greater leaf biomass per unit of C
assimilated during photosynthesis. We also noted that high A13C values are associated with
greater water uptake, and therefore, less stress due to deficit irrigation. Both higher leaf N
concentration and high A13C values could result from higher root biomass and deeper roots,
simply because roots have a greater volume of soil and at lower depth, to “mine” water and N
from deeper in the soil profile.



