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ABSTRACT

CALCIUM AND POTASSIUM ACCUMULATION IN LETTUCE UNDER DIFFERENT
NITROGEN REGIMES

SEPTEMBER 2015
SARAS.F. C. WEIL, B.A,, WESLEYAN UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Allen V. Barker

Nutrient accumulation in vegetable crops is declining. New varieties,
selected for high yield, may be subject to a dilution effect of nutrient concentration.
Alternatively, soil fertility may be to blame. Here, we investigate how nitrogen
fertilization can enhance or suppress calcium and potassium content in two lettuce
varieties already known to accumulate high or low amounts of these nutrients.
Effects of varying the ammonium:nitrate ratio and effects of calcium carbonate
buffering on plant growth by mass and on uptake and accumulation of potassium
and calcium in two lettuce (Lactuca sativa L.) cultivars, Two Star and Red Deer
Tongue, were investigated in three greenhouse hydroponic experiments in which
ammonium supplied none, 6%, 12%, 25%, 50%, 75% or all of the nitrogen.
Ammonium, supplied as the sole nitrogen source (15 mM), was toxic under buffered
or unbuffered conditions. It limited growth and concentrations of potassium and
calcium in lettuce leaves. Proportions of ammonium-N greater than 50% of total N
nutrition severely curtailed growth and nutrient accumulation for both cultivars.
For both cultivars, optima for all three variables occurred in treatments that

contained less than 50% NH4*-N in the total N supply. Application of calcium

vi



carbonate buffer did not result in improved maxima for growth and shoot
potassium or shoot calcium concentrations compared to the best responses in
unbuffered solutions. However, supplying calcium carbonate buffer did raise the
minima for growth and shoot potassium and shoot calcium concentration. Both
cultivars in buffered solutions compared to unbuffered solutions had significantly
greater values for growth and for shoot potassium or shoot calcium concentration in
treatments that contained 50% ammonium-N or greater in the total N supply.
Although buffering relieved symptoms of ammonium toxicity, it did not eliminate
symptoms, confirming the work of other researchers that ammonium toxicity is not
due solely to acidification of the root-zone and that buffering has an effect on the
capacity of plants to tolerate ammonium nutrition. Supplying nitrogen with
ammonium:nitrate ratios in which nitrate predominates enhances yield and
accumulation of calcium and potassium in lettuce. Two Star, the modern variety, is
more ammonium-sensitive than Red Deer Tongue, the heirloom variety, if calcium

carbonate buffering is not provided.
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CHAPTER 1

LITERATURE REVIEW

1.1. Introduction

The fundamental problem that initiated this research is the world-wide
problem of mineral malnutrition. Mineral deficiencies affect two thirds of the
world's population (White & Broadley, 2009; White & Broadley, 2009) and have
been deemed a serious global challenge (Behrman, Alderman, & Hoddinott, 2004).
Mineral malnutrition affects the physical and mental health of individuals and, as a
result, also has serious societal repercussions.

Physical effects of these deficiencies can include headaches, heart disease,
osteoporosis, and hypothyroidism, to name but a few. Studies have shown that low
levels of selenium contribute to severity of coronary atherosclerosis (Moore, Noiva,
& Wells, 1984) (Moore et al., 1984). Diets deficient in iodine lead to hypothyroidism
and neurological disorders (Chakravarty & Sinha, 2002; Simsek, Andican, Karako,
Hatemi, & Candan, 1997). Low dietary rates of magnesium, common in humans
today, may affect bone and mineral metabolism leading to osteoporosis (Rude et al.,
2009). Zinc deficiencies have multiple complications affecting stunting, abnormal
immune responses, congenital abnormalities and neuropsychological symptoms
(Sandstead, 1994). These are but a few of the types of pathologies that may occur
with mineral deficiencies.

The mental health issues related to deficiencies of mineral nutrients are

receiving increasing attention. Overall mental health issues have been rising world-



wide in recent decades (van de Weyer, 2006), and although factors causing mental
disorders are varied, causal relationship with mineral malnutrition is established.
Apathy and depression can result from iron deficiency (Benton & Donohoe, 1999).
Micronutrient deficiencies can cause lowered cognitive function increased
irritability and depression, hypochondriasis, and hysteria. Selenium deficiencies are
linked to adverse mood states (Rayman & Phil, 2000). Other mental illnesses
directly caused by macro- and micro-nutrient deficiencies include attention deficit
disorder, schizophrenia, and dementia. It is perhaps less surprising then to find that
aggression, depression, and mood swings have been ameliorated by treatment with
mineral-vitamin supplements (Kaplan et al.,, 2004). Inadequate maternal nutrition
may lead to lower IQ in offspring (Tomlinson et al., 2009). Other studies have
shown a significant decrease in disciplinary offenses in prison inmates treated with
nutrient supplements (Tomlinson, Wilkinson, & Wilkinson, 2009). These illnesses
are some of the many health implications of nutrient deficiencies. Economic
impacts are felt through decreased productivity and increased costs due to illness.
Although hunger as a global issue has diminished since the Green Revolution,
mineral deficiencies play a significant role in malnutrition today. Over half the world
population is subject to mineral deficiencies, and surprisingly, these declines are not
confined to Third World populations. The most common mineral deficiencies in the
modern diet include iron, zinc, copper, calcium, magnesium, iodine, and selenium
(White & Broadley, 2009). Studies on several continents have shown the extent of
this problem. On the Indian subcontinent, average diets are deficient in iron, iodine,

calcium, and vitamins (Chakravarty & Sinha, 2002). A study of healthy, young



Australian adults assessing dietary intake of calcium, zinc, and iron reported
deficiencies among half the participants for zinc, whereas 40% failed to meet the
recommended daily intake for calcium; males had adequate intake of iron, but
almost half of the females were deficient (Jamison, 1999). A study in the United
States examining calcium intake in adolescent females reported that 90% of the
subjects did not meet the standard recommended daily allowance [RDA] of 1200 mg
per day (Albertson et al., 1997). Calcium is an important nutrient with a vital role in
bone development, muscle contraction, nerve transmission and cellular metabolism
(Stein, 2010). Although meat and dairy products can alleviate these deficiencies,
they also incur health costs, increasing cardiovascular risk by raising consumption
of saturated fats and low-density lipoprotein (LDL) cholesterol levels (Jamison,
1999). Therefore, improving alternative dietary sources of mineral nutrients
provides a healthful alternative that should be maximized. A diversified diet is the
best approach to improved health.

Improvement of crop nutrient values is an important strategy in solving the
overall problem of mineral-poor diets. The nutrient value of crops has been
declining over the past eighty years. This decline could have several causes. For
one, crop improvement efforts have often focused on increasing yields without
regard for nutrient composition (Davis, 2009). Thus, although yields have
increased, mineral concentrations relative to dry weight have decreased. This result
commonly is referred to as the “dilution effect”. Plant breeders inadvertently select
for higher accumulations of carbohydrates when seeking to improve yields, usually

without considering other nutrients and phytochemicals (Davis, 2009). A review of



information provided by the U.S. Department of Agriculture (USDA) concerning the
nutrient content of 43 vegetable crops shows that, from 1950 to 1999, there was a
significant decrease in six nutrients of thirteen that were studied: protein, calcium,
phosphorus, iron, vitamin B2 (riboflavin), and vitamin C (ascorbic acid) (Davis, Epp,
& Riordan, 2004). A similar study of the United Kingdom, using data from 1930 and
1980, showed statistically significant declines in mineral content of vegetables
affecting calcium, magnesium, copper, and sodium in vegetables and magnesium,
copper, iron, and potassium in fruits (Mayer, 1997). In addition, a study of USDA
inbreds and commercial F1 hybrids conducted in 1996-1997 reported that
concentrations of calcium varied by as much as 2-fold (Farnham et al,, 2000). The
observation of these differences among hybrids and inbreds gave rise to the term
“genetic dilution effect” where differences in mineral accumulation are attributable
to genetic differences, since all environmental conditions are fixed (Farnham et al,,
2000).

The Green Revolution brought large increases in production, largely of grain
crops, thereby supplying adequate calories through their high-yielding cultivars
(Welch et al., 1997). Although this enhancement of yields eliminated starvation in
many areas of the world by providing adequate calories and most macronutrients,
these same crops were nutritionally deficient in micronutrients and resulted in
populations with adequate food but inadequate diets that contributed to poor health
(Welch et al., 1997). The Green Revolution food crops (wheat, rice) consist largely
of starches among the nutrients provided. Traditional crops, lower in calories and

less profitable, were neglected in favor of the high-yielding grains, and this trend



reduced the supply of micronutrients and protein, even though fertilizer use was
tripled. For example, at the end of the 20t century, production of pulses, high-
protein crops, was reduced to 87% of what it had been thirty years before (Welch et
al., 1997). The phenomenon when calories are adequate but nutritional
requirements are not is referred to as “hidden hunger” (Welch et al,, 1997). Hidden
hunger is particularly affected by low iron, zinc, and iodine content in modern crops,
deficiencies that affect half of the world population (Loladze, 2002).

Another factor that deserves mentioning when considering improvements in
crop nutrient values is atmospheric carbon dioxide (CO2) levels. Rising levels of CO>
in the atmosphere also may affect the nutritional status in plants. Pre-industrial CO:
levels in the air were approximately 280 pL L-1. Concentrations now are about 385
uL L-1and are projected to rise to between 470 to 570 pL L-1by 2050 (Hogy &
Fangmeier, 2008). Atmospheric levels now are the highest they have been in the
last 26 million years (Hogy & Fangmeier, 2008) and are about 30% higher than in
pre-industrial times (Loladze, 2002). Elevated levels of COz act as a sort of carbon
fertilizer with implications for uptake of other nutrients, the majority of which are
obtained from the soil. There is a likelihood of increased biomass production with a
dilution effect on nutrient concentrations (Duval et al.,, 2011). In fact, free air CO;
enrichment (FACE) experiments exposing plants to doubled levels of CO2 have
resulted in increased yields up to 41% higher (Loladze, 2002). Carbohydrates
accumulate to a greater degree under higher CO2 concentrations because of
increases in photosynthesis, and this development will cause a dilution effect with

regard to mineral contents in crops. In wheat, COz enrichment, to 550 pL L1 from



380 pL L1, resulted in mean macronutrient (N, Ca, Mg, S) levels that decreased by
0.7 t0 19.5% (Hogy & Fangmeier, 2008). Also, all micronutrient levels decreased.
Potassium, phosphorus, and starch levels were increased however (Hogy &
Fangmeier, 2008). In another study examining effects of elevated CO2 on soybean
and sorghum, leaf nitrogen levels in soybean decreased, but no other nutrients were
affected, whereas grain and bean productivity were increased (Reeves et al., 1994).
Another study reported that, amongst all plant species, there is a decrease in foliar
nitrogen content, but the status of other nutrients varies by plant functional group:
grasses, trees, vegetable crops, or N fixers (Duval et al,, 2011). Thus, a universal
thesis about the effects of COz increases on plant nutrient levels in general is not
possible (Duval et al., 2011). Elevated CO: increases water-use efficiency and
suppresses transpiration so elements that move through the plant with bulk flow in
the transpiration stream will be affected.

Mineral-deficient soils are another factor that can contribute to low mineral
accumulation in crops. Over a forty-year period (1962-2000), levels of phosphorus
and potassium in U.S. soils declined (Stewart, 2004). This decline correlated with a
period of increasing crop yields and with a leveling or diminishing in application of
phosphorus and potassium fertilizers that started in the 1970s and 1980s,
respectively. Removal of phosphorus and potassium from soils is accelerating as
yields increase. The trend toward depletion of phosphorus and potassium from
soils is often referred to as “nutrient mining” and represents a condition where the
nutrient removal:fertilizer use ratio is rising (Stewart, 2004). Low-input agriculture

in underdeveloped regions often is accompanied by nutrient mining (Ayoub, 1998).



Potassium removal at eleven different sites in five different Asian countries usually
exceeded input by 34 to 63 kg K ha'l season -1 (Dobermann et al.,, 1996).

The above discussion provides information about the world-wide issue of
dietary deficiencies, the repercussions, and the agronomic factors that contribute to
the issue of providing adequate mineral nutrition to humans. The importance of
improving the nutrient value of human diets is clear. There are several approaches
that can be used to combat mineral deficiencies in the human diet. These include
supplements, fortifying foods, or improving mineral concentrations in edible crops,
known also as biofortification (White & Broadley, 2009). Biofortification can refer
to bioengineering or to crop improvement through traditional approaches.
Supplements and fortifying foods have considerable problems associated with them.
These approaches require infrastructure, money, and distribution capabilities.
Direct improvement of the food supply through crop improvements can be more
effective by addressing the problem at the root, so to speak, and putting crops with
higher nutrient values directly in control of growers.

Solving the problem at the crop level requires taking a closer look at plants
and how they absorb and assimilate nutrients. Several factors have importance in
the entry of mineral nutrients into the plant root. The most important properties
influencing the availability of mineral nutrients at the rhizosphere level are pH,
oxidation-reduction conditions, cation exchange capacity (CEC), microbial activity,
soil structure, organic matter and water content (Marschner, 2012). Acidity of the
soil solution affects nutrient uptake in three principal ways (Marschner, 2012).

Firstly, pH can affect the availability of the chemical forms of nutrients required for



uptake and convert these into forms that plants cannot use (Marschner, 2012). For
example, if the pH of the external solution rises the borate anion may become
prevalent whereas boric acid, the form plants absorb, declines in concentration.
Secondly, pH can also be a factor in apoplastic movement of nutrients within the
plant itself (Marschner, 2012). Charged sites on cell walls and membranes interact
with ions moving through the apoplast. As the acidity of the external solution
increases, hydrogen ions occupy these sites and reduce the cations held in exchange
sites of the apoplast, thereby possibly influencing ion uptake (Marschner, 2012).
Finally, the pH of the rhizosphere, the area of chemical interchange between the
solution and the plant roots, can influence nutrient uptake, mainly by influencing
proton-coupled solute transporters, an action that affects the uptake of anions and
alters membrane potential that affects cation uptake (Marschner, 2012).

In this research, [ will use an agronomic approach to improve human health
and nutrition by looking directly at calcium and potassium accumulation in lettuce
under different nitrogen fertilization regimes. [ will determine how two lettuce
cultivars with different nutrient accumulation patterns respond to nitrogen
nutrition. The two selected cultivars are both leaf lettuces, one a red-leaf, heirloom
variety called 'Red Deer Tongue' and the other, 'Two Star’, a green-leaf variety
developed in 1992, commonly used in commercial production. I will be researching
calcium accumulation in these two lettuce varieties with experimental treatments
involving different ammonium to nitrate ratios. All treatments will include a full
nutrient solution, with no mineral deficiencies. The goal is to find the optimum ratio

of nitrogen forms to maximize both plant yield and calcium and potassium content.



1.2. Nitrogen

Most soils do not contain adequate supplies of nitrogen for crop production.
Nitrogen is one of the principal fertilization inputs in modern agriculture and is
required in large quantity. Most nitrogen fertilizer is supplied as either ammonium
or nitrate or as both in a variety of molecular combinations. Examples, listed from
highest usage to lowest world-wide, include urea, ammonium nitrate, calcium
ammonium nitrate, N solutions, anhydrous ammonia, and ammonium sulfate
(Barker & Pilbeam, 2007). Nitrogen is unique as a plant nutrient in that it can be
taken up in anionic (NO3z-) or cationic (NH4*) form (Below, 1995). Along with water,
it is considered to be the principal component responsible for crop growth and yield
(Goodman, 2004). Ammonium, the cation, is toxic to plants when it is the sole
nitrogen source; however, in combination with nitrate, it enhances growth,
providing higher yields than when nitrate is used alone (Haynes & Goh, 1978). In
the soil, ammonium is held tightly to negatively charged soil particles, whereas
nitrate, the anion, is prone to leaching. Leached nitrogen is a form of pollution
responsible for contamination of water supplies leading to marine algal blooms and
eutrophication (Beman et al,, 2005; Giles, 2005). Applications of the optimum rates
and ratios of nitrogen form are of high importance in agriculture.

Nitrogen is also important in relation to human mineral nutrition since
nitrogen form influences uptake of other nutrients in plants and, ultimately, the
nutritional value of the crop to a consumer. Nitrogen form can alter physiological

processes within the plant and in the rhizosphere and can limit nutrient uptake



(Below, 1995). These differences are a consequence of the opposite charges of NO3-
and NHg*.

Plants generally require nitrogen in greater quantity than any mineral
element (Marschner, 2012). Nitrogen is a component of proteins, nucleic acids,
pyrimidines, purines, chlorophyll, coenzymes, vitamins, and other N-containing
compounds in plants (Barker & Pilbeam, 2007; Marschner, 2012). As a constituent
of the photosynthetic apparatus, it has a major impact on growth and yield in
agricultural crops (Below, 1995). A prominent symptom of nitrogen deficiency is
yellowing, indicating a loss of adequate chlorophyll and protein. In my research, I
will be supplying complete nutrition for the plant and would not expect any
symptoms of nitrogen deficiency. However, the different supplies of nitrate and
ammonium nutrition may impart effects on plant growth, such as the disorders
resulting from ammonium toxicity.

Roots absorb nitrogen as an ammonium cation or nitrate anion (Below,
1995). Assimilation involves a series of biochemical reactions. In the case of nitrate,
these reactions begin in the cytoplasm and continue in the chloroplast, where
reduction to ammonium occurs; ammonium is the final inorganic form before
further enzymatic reactions convert it to the organic form, glutamate. Every
inorganic nitrogen form absorbed into the plant must be reduced to ammonium and
pass through the glutamate form before being incorporated into other amino acids,
proteins, and nucleic acids (Below, 1995).

The form of nitrogen absorbed by the plant affects the uptake and

assimilation of other nutrients. Many studies have shown that when ammonium is
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the predominant nitrogen form supplied to plants there is a suppression in
concentration of calcium, magnesium, and potassium accumulation in leaves. For
example, a study on the effect of nitrogen form on zucchini squash reported that
increasing the ratio of ammonium to nitrate suppressed the uptake of the cations
calcium, magnesium and potassium (Chance et al., 1999). Likewise, in a study of
soybean, calcium, magnesium, and potassium were limited whereas phosphorus
concentrations increased under ammonium (Rayar & Hai, 1977). Other micro-
nutrients, zinc and iron, may become more available under increased ammonium
uptake, due to the acidifying effects of ammonium uptake on the rhizosphere (Britto
& Kronzucker, 2002). Increases of manganese, copper, and boron also can occur for
the same reason (Choi & Chung, 2007). In a study by Alhendawi et al. (2008),
concentrations of the micronutrients iron, zinc, copper, and manganese
approximately were doubled under ammonium nutrition compared to their
accumulation with nitrate nutrition (Alhendawi et al.,, 2008). Although ammonium
affects the uptake of other mineral nutrients, the reverse has not been found to
occur; ammonium uptake itself is not affected by increases in the concentration of
other ions (Barker & Mills, 1980). These effects caused by nitrogen form will be a
focus of the study that I am proposing.

These differences in ion uptake rate can have a number of causes. Ion uptake
rate is influenced by the concentration of counter ions in the nutrient or soil
solution. Some ions compete for uptake. Competition can be direct, as for a passage
through a particular plasma membrane transporter. Or, competition can be indirect,

such as changes in charge across membranes that alter membrane potential.

11



Finally, there can be effects due to proton-coupled solute transport across
membranes. For any particular solute, these variables can have a positive or

negative effect on uptake.

1.2.1 Ammonium

Since my research focuses on the influence of mixed nitrogen nutrition, it is
worthwhile to examine the two nitrogen sources in some depth. A considerable
amount of research has been done on the nature of ammonium and nitrate nutrition
of plants. To begin, consider ammonium. The main transporters involved in
ammonium root uptake belong to the ammonium transporter 1 (AMT1) family
(Marschner, 2012). There are two main transport systems. If ammonium is at low
concentration (less than 0.5 mM) in the external medium, a high affinity transport
system (HATS) operates for uptake. If the concentration is higher, a low affinity
transport system (LATS) operates (Marschner, 2012). To cross the endodermis or
to enter into any cell of the cortex, all ions must cross a membrane by some active-
transport mechanism. In addition, since NHs* is similar to the potassium ion in size
and charge, ammonium may also enter the route through K* channels (At K*
transporter 1 (AKT1) and At high-affinity K* transporter (HAK5)) as has been
reported by ten Hoopen et al. (2010) in a study of barley and arabidopsis roots (ten
Hoopen et al,, 2010). It is thought this action may contribute to the toxicity effects
of ammonium. As ammonium competes for these sites, interfering with potassium
uptake, the plant may respond to potassium deficiencies by increasing the number

of K* channels, which results in a vicious cycle, allowing more ammonium to enter.
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Ammonium uptake follows a diurnal pattern with highest rates coinciding with the
end of the light period, suggesting a connection to carbon supply. Indeed, when
photoassimilates are supplied externally in darkness, ammonium uptake increases,
confirming this connection (Marschner, 2012).

The ammonium uptake mechanism is believed to be by a uniport that carries
solutes with the solute gradient and does not require energy input (Britto &
Kronzucker, 2002). Also, since ammonium is an intermediate in the nitrate
assimilation process, its assimilation requires less metabolic energy than does
nitrate (Marschner, 2012). Ammonium is converted to the organic form glutamate
in a reaction catalyzed by glutamine synthetase/glutamate oxoglutarate amino
transferase (GS/GOGAT) in the chloroplast and in roots. When high ammonium
concentrations and low external pH occur in the external medium, ammonium
assimilation also can occur in the mitochondria, catalyzed by glutamic acid
dehydrogenase (Barker & Pilbeam, 2007). Although plants acquire nitrogen
nutrition by absorbing ammonium, they also naturally generate ammonium
internally through photorespiration, lignin biosynthesis, through senescence and
through symbiosis with nitrogen-fixing bacteria (Marschner, 2012). The low
molecular weight organic compounds generated through the GS/GOGAT pathway
are the primary form used for transport in plants and also can act as a temporary
storage form. In any case, plants have few options for coping with excess
organically bound nitrogen, unlike animals, which simply excrete it as urea. Unlike
nitrate, which can be stored in the plant for later use, ammonium as a nitrogen

source is problematic in this regard. Still, ammonium can be sequestered in the
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vacuole though not at such high concentrations as nitrate. Whether increases in leaf
concentrations of ammonium under ammonium nutrition reflect storage in the
vacuole or high concentrations in the cytosol is not known (Britto & Kronzucker,
2002). Transport of ammonium to the shoot requires xylem loading and unloading
by as yet undetermined mechanisms (Marschner, 2012).

There are several physiological effects that accompany ammonium nutrition.
Under increased ammonium nutrition, plant biomass deposition diminishes (Helali
et al.,, 2010). Per unit leaf surface area, plant biomass does not change. This
diminishment results, not from loss of capacity for biomass production, but from
curtailed growth either through lower leaf initiation, leaf elimination or restricted
leaf expansion (Helali et al.,, 2010). Other research has reported the same; for
example, in tobacco, a reduction in cell number and cell size shows that cell division
and elongation are affected under ammonium-only nutrition (Walch-Liu et al.,
2000). Research suggests that growth suppression is correlated with location of
ammonium assimilation in the shoot as opposed to the root (Lasa et al., 2001). In
addition, increases in ammonium results in reduced leaf water content (Helali et al.,
2010). Root respiration increases, and concurrently, there is a reduction in the root :
shoot dry weight ratio (Britto & Kronzucker, 2002). Two conflicting hypotheses
have been presented to explain these phenomena, the root-carbon-sink hypothesis
and the metabolic-detoxification hypothesis, but neither has proved satisfactory
(Britto & Kronzucker, 2002). Under conditions of high ammonium absorption, it is
suggested that there is energetically expensive root efflux of NH4*, which may

account for the increase in root respiration (Britto & Kronzucker, 2002). Growth
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under ammonium nutrition occurs optimally at a pH 6 and declines at pH 4 (Helali
etal.,, 2010). A decrease in K* in the root occurs at low pH values, suggesting that
acidity affects competition for K* transporters (Helali et al., 2010). Increased
susceptibility to disease is another physiological effect of ammonium nutrition as
was shown in an experiment of plants infected with root knot nematode and
subjected to different nitrogen treatments (Barker, 1999). Other obvious symptoms
are wilting and marginal necrosis, and ultimately, even death of the plant can occur
(Maynard & Barker, 1969).

If ammonium is supplied as the only nitrogen source, it is toxic to plants,
even at low concentrations. Symptoms occur usually at 0.1 - 0.5 mM concentrations
(Britto & Kronzucker, 2002). There is considerable variation in the susceptibility of
plant species to ammonium toxicity however. Some species that are considered
ammonium-tolerant include: rice, blueberry, cranberry, onion, leek, heather, and
certain tree species. It is notable that these species are tolerant of low oxygen
conditions in which ammonium is the dominant nitrogen form and are tolerant of
acidic conditions. Acidification of the external medium is characteristic of
ammonium nutrition. Another characteristic of ammonium-tolerant species is high
glutamine synthetase activity (Cruz et al,, 2006). Some ammonium-sensitive species
are tomato, barley, pea, bean, castor bean, mustard, sugar beet, strawberry,
marigold, and sage (Britto & Kronzucker, 2002). Even ammonium-tolerant species
exhibit symptoms of toxicity when ammonium concentrations are high. For

example, rice, a highly tolerant species, will never reach full growth potential under
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Two Star was 670 mg/head and in Red Deer Tongue was 453 mg/head. This
difference is a direct result of the different yields of the two lettuces.

Table 2.29. Experiment 2. Total accumulation of potassium in shoots of lettuce
as a function of cultivar and supply of nitrogen as ammonium.

Total shoot potassium, mg/head

% NH," RDT TS Mean
0 407 714** 561
6 468 662** 565
12 499 778%** 638
25 593 773%* 683
50 490 749** 619
75 441 643%* 542
100 275 372ns 324
Mean 453 670%* 562
Trend L** Q**

Overall, the difference between the cultivars was significant (P=0.0053). Overall,

the differences among nitrogen treatments were highly significant (P<0.0001).
Differences between cultivar means within rows were determined by F-test. RDT,
Red Deer Tongue; TS, Two Star; Q, quadratic; **, highly significant (P<0.01).

Overall, the differences among nitrogen treatments were highly significant
(P<0.0001) with a quadratic relationship (P<0.0001) of total potassium to nitrogen
treatment (Table 2.29). The highest mean potassium content in the shoots, 683
mg/head, was obtained at the 25% NH4*-N treatment level. The lowest values were
at the 100% NO3™-N (0% NH4*-N) and 100% NH4*-N treatment levels, 561 mg/head
and 324 mg/head, respectively.

With regard to root potassium concentration, overall, the difference between
the cultivars was significant (P=0.0190) (Table 2.30). As in Experiment 1, Red Deer
Tongue had the higher percentage of potassium in the root, 12.31% versus 8.58% K

for Two Star. The differences among nitrogen treatments were significant

(P=0.0234) in a cubic (P=0.0050) relationship to root potassium percent. The
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highest mean value was 11.72%, when nitrate-N was the sole N source; the lowest
was 8.39%, when ammonium-N was the sole N source. However, cultivar and
nitrogen treatment interacted significantly (P=0.0510) to affect root potassium
percent (Table 2.30). From the 0% to the 25% NH4*-N treatment level, Red Deer
Tongue had significantly greater percentages of potassium in the root than did Two
Star. If ammonium-N was greater than 25% percent of supply, the two cultivars did
not differ significantly.

Table 2.30. Experiment 2. Concentration of potassium in lettuce roots as a

function of cultivar and supply of ammonium in calcium carbonate buffered
solutions

Root potassium, % dry wt.

% NH," RDT TS Mean
0 13.45 9.98%* 11.72
6 14.01 8.07** 11.04
12 14.01 7.35%* 10.68
25 13.09 6.40%** 9.75
50 11.77 9.86ns 10.82
75 12.06 9.90ns 10.98
100 8.26 8.5Ins 8.39
Mean 12.38 8.58*

Trend L**,C**

Overall, the difference between cultivars was significant (P=0.0190). Overall, the
differences among nitrogen treatments were significant (P=0.0234). Nitrogen
treatment and cultivar interacted significantly (P= 0.0510) to affect the results.
Differences between cultivar means within rows were determined by F-test. RDT,
Red Deer Tongue; TS, Two Star; L, linear; C, cubic; *, significant (P<0.05); **, highly
significant (P<0.01); ns, nonsignificant.

With regard to total root potassium, the differences among nitrogen
treatments were significant (P<0.0001) with a mean high value of 121 mg/root
mass at the 6% NH4*-N treatment level and the low at the 100% NH4*-N treatment

level of 43 mg/root mass (Table 2.31). However, cultivar and nitrogen treatment

interacted significantly (P=0.0176) to affect the results. The two cultivars were
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statistically similar at the 0, 6, 50, and 100% NH4*-N treatment levels. At the 12 and
25% NH4* -N treatment levels, Red Deer Tongue had significantly greater amounts
of potassium in the roots compared to Two Star (Table 2.31), whereas at the 75%
NH4*-N treatment level, Two Star had significantly more root potassium.

Table 2.31. Experiment 2. Total root potassium as a function of cultivar and
supply of nitrogen as ammonium.

Total root potassium, mg/plant

% NH," RDT TS Mean
0 110 130ns 120
6 126 117ns 121
12 127 100%* 113
25 129 106%* 118
50 111 110ns 110
75 65 87* 76
100 34 52ns 43
Mean 100 100ns

Trend L**,Q**

Overall, the differences among nitrogen treatments were highly significant
(P<0.0001). However, cultivar and nitrogen treatment interacted significantly
(P=0.0176) to affect the results. Differences between cultivar means within rows
were determined by F-test. RDT, Red Deer Tongue; TS, Two Star; L, linear; Q,
quadratic; *, significant (P<0.05); **, highly significant (P<0.01); ns, nonsignificant.
With regard to the root-to-shoot potassium ratio, overall, the difference
between the cultivars was significant (P=0.0034). Red Deer Tongue maintained a
higher percentage of potassium in the roots than Two Star (Table 2.32). Overall, the
differences among nitrogen treatments were significant (P<0.0001), in a linear
relationship (P<0.0001), with root:shoot potassium ratios declining from the 100%
nitrate-N treatment to the 100% ammonium-N treatment. Cultivar and nitrogen
treatment interacted significantly to affect the results (Table 2.32). The cultivars

were significantly different for all treatments except the 75 and 100% NH4*-N

treatment levels, which were statistically similar. If the cultivars differed, Red Deer
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Tongue maintained a higher proportion of potassium in the roots than Two Star.
This result is similar to that in Experiment 1 with the unbuffered treatments. Root-
to-shoot potassium ratio seems to be unaffected by buffering with CaCO3. The mean
ratio was 0.16 without buffering (Table 2.27) and was 0.18 with buffering (Table
2.32).

Table 2.32. Experiment 2. Root:shoot potassium ratio as a function of cultivar
and supply of nitrogen as percent ammonium.

Root:Shoot potassium

% NH," RDT TS Mean
0 0.27 0.19** 0.23
6 0.27 0.18** 0.22
12 0.25 0.13** 0.19
25 0.22 0.14** 0.18
50 0.22 0.15** 0.19
75 0.15 0.13ns 0.14
100 0.12 0.14ns 0.13
Mean 0.21 0.15**

Trend L**

Overall, the difference between the cultivars was significant (P=0.0034). Overall,
the differences among the nitrogen treatments were significant (P<.0001). Nitrogen
treatment and cultivar interacted significantly (P=0.0003) to affect the results.
Differences between cultivar means within rows were determined by F-test. RDT,
Red Deer Tongue; TS, Two Star; L. linear; *, significant (P<0.05); **, highly significant
(P<0.01); ns, nonsignificant.

2.3.3.3 Experiment 3 - Effect of ammonium:nitrate ratio on potassium
content in lettuce in either buffered or unbuffered solutions

In Experiment 3, Experiments 1 and 2 were combined into one experiment,
adding the classification of buffer treatment to nitrogen treatment and cultivar.

With regard to shoot potassium percent, overall, the differences among
nitrogen treatments were significant (P<0.0001) (Table 2.33) in a quadratic
relationship (P=0.0094). The highest and lowest mean values were at the 6% and

75% NH4* -N treatment levels, 8.30% and 4.72% K, respectively.
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Overall, the difference between buffer treatments was significant (P=0.0149),
with the buffered treatment having a mean of 7.20% compared to the 5.98% K with
no buffering. Nitrogen treatment and buffer treatment interacted significantly
(P=0.0490) to affect the results (Table 2.33). For the 100% nitrate-N treatment
through the 12% ammonium-N treatment, the shoot potassium percentages
between buffer treatments were statistically similar. At each ammonium-N
treatment level, 25% through 100% NHa*-N, buffered treatments were significantly
different from unbuffered treatments with regard to shoot potassium percent, with
treatments containing CaCO3 having higher percentages of potassium in the shoot
than unbuffered treatments.

Table 2.33. Experiment 3. Potassium concentration in lettuce shoots as a

function of cultivar, supply of nitrogen as ammonium and calcium carbonate
buffering of solution.

9% NHa* - Buffer + Buffer Mean
RDT TS Mean Mean RDT TS

0 8.41 6.88 7.65 8.54ns 8.31 8.78 8.09
6 8.37 8.78 8.58 8.02 ns 8.11 7.92 8.30
12 7.46 7.62 7.54 7.82ns 7.64 7.99 7.68
25 6.74 4.94 5.84 7.66** 7.79 7.53 6.75
50 5.60 3.96 4,78 6.66** 6.46 6.86 5.72
75 3.48 3.19 3.34 6.11** 6.03 6.20 4.72
100 4.23 4.12 4.18 5.60** 5.82 5.38 4.89
Mean 6.33 5.64 5.98 7.20%* 7.17 7.24

Trend L**, Q**

Overall, the difference between buffer treatments was significant (P=0.0149).
Nitrogen treatment and buffer treatment interacted significantly (P=0.0490) to
affect the results. The difference between cultivars was not significant (P=0.2051).
Cultivar and buffer treatment did not interact significantly (P=0.4554). Differences
between means with or without buffer within rows were determined by F-test.
RDT, Red Deer Tongue; TS, Two Star; L. linear; Q, quadratic; *, significant (P<0.05);
** highly significant (P<0.01); ns, nonsignificant.
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With regard to total shoot potassium, overall, the differences among nitrogen
treatments were significant (P<0.0001) in a linear relationship (P<0.0001) (Table
2.34). The highest values were 874 and 900 mg K/head at the 100% nitrate-N and
6% ammonium-N treatments, respectively. Values declined progressively with
increases in ammonium concentration in the treatments to a low of 279 mg K/head
in the 100% ammonium-N treatment.

For total shoot potassium, overall, the difference between buffer treatments
was significant (P=0.0033) (Table 2.34). Unbuffered treatments had a mean value
of 516 mg K/head, whereas buffered treatments had a mean total shoot potassium
accumulation of 723 mg K/head. Cultivar and buffer treatment interacted
significantly (P=0.0474) to affect total shoot potassium content (Table 2.34). In the
unbuffered treatment, the mean total shoot potassium content of Red Deer Tongue
and Two Star did not differ significantly, 530 and 501 mg K/head, respectively.
However, for buffered treatments, the mean total shoot potassium was significantly
higher (P=0.0280) in Two Star than in Red Deer Tongue, 797 and 649 mg K/head,
respectively. Also, the effect of buffer treatment on total shoot potassium was not
significant in Red Deer Tongue but was significant (P=0.0003) in Two Star. For Two
Star, mean total shoot potassium measured 797 mg/head if the treatments were
buffered and 501 mg/head if no buffering was provided (Table 2.34).

Nitrogen treatment and buffer treatment interacted significantly (P=0.0115)
(Table 2.34). For the 100% nitrate-N treatment and the two lowest ammonium-N
containing treatments, 6 and 12% NH4*-N, there was no significant difference

between buffer treatments with regard to total shoot potassium. However, for all
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treatments with 25% ammonium-N or greater, buffer treatments differed highly
significantly with regard to total shoot potassium. At each of the N treatment levels,
buffering with CaCO3 improved total shoot potassium accumulation significantly
over unbuffered treatments.

Table 2.34. Experiment 3. Total accumulation of potassium in shoots of lettuce

as a function of cultivar, supply of nitrogen as ammonium, and buffering of
solution with calcium carbonate.

Total shoot potassium, mg/head

- Buffer + Buffer

. Mean
% NH4 RDT TS Mean Mean RDT TS
0 930 816 873 876ns 669 1082 874
6 875 927 901 899ns 820 977 900
12 670 798 734 728ns 594 861 731
25 653 416 534 796* 698 893 665
50 342 240 291 735%* 711 759 513
75 135 159 147 597** 628 566 372
100 109 151 130 429%** 420 438 279
Mean 530 501ns 516 723** 649 797*
Trend L**

Overall, the difference between buffer treatments was significant (P<0.0001).
Cultivar and buffer treatment interacted significantly (P=0.0474) to affect the
results. Overall, the differences among the nitrogen treatments were significant
(P<0.0001). Nitrogen treatment and buffer treatment interacted significantly
(P=0.0115) to affect the results. Differences between cultivar means within buffer
treatments determined by F-test. Differences between means with or without
buffer within rows were determined by F-test. RDT, Red Deer Tongue; TS, Two Star;
L. linear; *, significant (P<0.05); **, highly significant (P<0.01); ns, nonsignificant.

2.3.4 Calcium

2.3.4.1 Experiment 1 - Effect of ammonium:nitrate ratio on calcium content
in lettuce without buffering the solution

In Experiment 1, which was conducted without buffering of pH, Red Deer
Tongue had significantly higher (P=0.0231) mean percent calcium in the shoots than

Two Star, 1.39% versus 0.84%, respectively (Table 2.35).
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Table 2.35. Experiment 1. Shoot calcium percent as a function of cultivar and
ammonium supply in the nutrient solution
Calcium concentration, % dry wt.

% NH4* RDT TS Mean
0 1.55 1.17* 1.36
6 1.76 1.31%* 1.54
12 1.73 1.12%* 1.43
25 1.52 0.62** 1.07
50 1.34 0.52** 0.93
75 0.76 0.51ns 0.64
100 1.05 0.63** 0.84
Mean 1.39 0.84*

Trend L**,Q**,C*

Shoot calcium percent differed significantly by cultivar (P=0.0231). The differences
among nitrogen treatments were significant (P<0.0001). Nitrogen treatment and
cultivar nearly interacted significantly (P=0.0581) to affect shoot calcium percent.
Differences between cultivar means within rows were determined by F-test. RDT,
Red Deer Tongue; TS, Two Star; L, linear; Q, quadratic; C, cubic; *, significant
(P<0.05); **, highly significant (P<0.01); ns, nonsignificant.

Calcium values had an overall high of 1.54% in the 6% NH4+-N treatment
and fell to a low of 0.64% in the 75% NH4+-N treatment, before rising slightly to
0.84% in the 100% NH4+-N treatment (Table 2.35). Although a cubic order
(R?=0.2723) described the relationship between calcium concentration and
nitrogen treatment, for the most part, as ammonium content rose in the nutrient
solution formulations, calcium accumulation in the plant fell linearly.

Both cultivars had their highest mean percent calcium values at the 6% NH4*
-N level, 1.76% for Red Deer Tongue and 1.31% for Two Star, and their lowest
values at the 75% NH4*-N level (Table 2.35). The difference between the cultivars
was pronounced with Two Star having a value at the 25% NH4*-N treatment level
that was lower than any shoot calcium percent reading for Red Deer Tongue, up to

and including the 100% ammonium-N treatment level. Two Star had calcium

concentrations that ranged from 25% to 61% less than Red Deer Tongue. Similar to
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the results for potassium concentration in Experiment 1, Red Deer Tongue
accumulated more shoot calcium than Two Star. It seems Red Deer Tongue is better
able to absorb and accumulate inorganic cations than Two Star under either 100%
nitrate nutrition or under co-provision of nitrate and ammonium or under 100%
ammonium nutrition.

To obtain total shoot calcium, percent shoot calcium was multiplied by shoot
dry weight (Table 2.36). Nitrogen treatment had a significant effect on total shoot
calcium (P=0.0002) with highest accumulation, 85 mg/head in the 100% nitrate-N
treatment. Values decreased with each increase in NH4*-N treatment to a low of 12
mg/head in the 100% ammonium-N treatment. Regression analysis showed a linear
relationship (P<0.0001) between nitrogen treatment and total shoot calcium.

Table 2.36. Experiment 1. Total shoot calcium accumulation in lettuce as a

function of cultivar and nitrogen supplied as ammonium.
Total calcium, mg/head

% NH4* RDT TS Mean
0 67 104* 85
6 58 84ns 71
12 61 59ns 60
25 78 29%* 54
50 54 14* 34
75 23 16ns 19
100 18 7ns 12
Mean 51 45ns

Trend L**

The differences among nitrogen treatments were significant (P=0.0002). Cultivar
and nitrogen treatment interacted significantly (P=0.0144) to affect the results.
Differences between cultivar means within rows were determined by F-test. RDT,
Red Deer Tongue; TS, Two Star; L, linear; *, significant (P<0.05); **, highly significant
(P<0.01); ns, nonsignificant.

In the 100% nitrate-N treatment, Two Star had significantly higher

(P=0.0291) 104 mg Ca/head, compared to 67 mg Ca/head in Red Deer Tongue
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(Table 2.36). However, in the 25% NH4*-N treatment, the relationship reversed
with Red Deer Tongue having 78 mg Ca/head and Two Star having 29 mg Ca/head, a
significant (P=0.0072) difference between the cultivars. This trend continued with
a significantly greater (P=0.0207) level of calcium in Red Deer Tongue at the 50%
NH4*-N treatment than in Two Star, 54 mg and 15 mg Ca/head, respectively. The
two cultivars were statistically similar at the 75% and 100% NH4* -N treatment
levels, dropping to the lowest mean value of 12 mg Ca at the 100% NH4*-N level.
Total shoot calcium values were closely aligned with lettuce yield. When Red Deer
Tongue was the larger lettuce, it had more total calcium content than did Two Star
and vice versa.

The differences among nitrogen treatments were significant (P<0.0001) with
regard to root calcium percent (Table 2.37). Even a small concentration of
ammonium-N drastically affected calcium content of the roots. Root calcium
percent fell immediately and precipitously from a high of 3.74% Ca in the 100%
nitrate-N treatment to 0.82% Ca when ammonium-N was only 6% of the total N
supply, a decline of 78%. Root calcium percent continued to fall with each increase
of ammonium in the nutrient solution, but at a less precipitous rate. The lowest
value of 0.32% was in the 75% NH4*-N treatment. Cultivars did not differ

significantly.
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Table 2.37. Experiment 1. Calcium concentrations in the root as a function of
supply of ammonium in the solution.
Calcium concentration, % dry wt.

%

NH," RDT TS Mean
0 3.76 3.72ns 3.74

6 0.57 1.07 ns 0.82

12 0.49 0.54 ns 0.52

25 0.44 0.46 ns 0.45

50 0.37 0.34 ns 0.36

75 0.28 0.39ns 0.32

100 0.51 X 0.51

Mean 0.94 1.18 ns

Trend L¥*,Q**,C**

The differences among nitrogen treatments were significant (P<0.0001). RDT, Red
Deer Tongue; TS, Two Star; L, linear; Q, quadratic; C, cubic; **, highly significant.
Differences between cultivar means within rows were determined by F-test.
Missing data points: TS: no data at 100% NH4*-N, one data point missing at 50 and
75% NH4*-N. RDT: one data point missing at 100% NH4*-N.

Total root calcium was obtained by multiplying root calcium percent by root
dry weight. The highest root calcium occurred in the 0% NH4*-N treatment, 30
mg/root mass (Table 2.38). The lowest value occurred at the 75% NH4*-N

treatment level, with a mean of 0.77 mg calcium content.
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Table 2.38. Experiment 1. Total root calcium as a function of nitrogen supply
as ammonium percent.

Total calcium, mg/root mass

Treatment

% NH," RDT TS Mean
0 21.9 38.7 30.3
6 2.2 9.0 5.6
12 1.8 2.8 2.3
25 2.1 1.5 1.8
50 1.4 0.9 1.2
75 0.8 0.8 0.8
100 1.1 X 1.1
Mean 4.6 10.0

Trend L** Q** C**

The differences among nitrogen treatments were highly significant (P<0.0001.
RDT, Red Deer Tongue; TS, Two Star; L, linear; Q, quadratic; C, cubic; **, highly
significant; X, no data. Missing data points: TS: no data at 100% NH4*-N, one data
point missing at 50 and 75% NH4*-N. RDT: one data point missing at 100% NH4*-N.
The root-to-shoot calcium ratio was obtained using values for total root
calcium and total shoot calcium. Atthe 0% NHa*-N treatment level, total root
calcium was 34% of the total shoot calcium (Table 2.39). As soon as ammonium was
introduced to the nutrient solution (the 6% NH4*-N treatment), calcium in the roots
dropped precipitously to just 7% of the calcium in the shoots. This ratio did not
change much with further increases in ammonium in the nutrient solution, having
an average between them of 4% calcium in the roots compared to the shoots. There
is a notable difference in the change in the root-to-shoot calcium ratio across the
range of nitrogen treatments to the change observed in the root:shoot dry weight

ratio: the root:shoot dry weight ratio was very stable across all nitrogen treatments

in comparison (Table 2.40).
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Table 2.39. Experiment 1. Root:shoot calcium ratio as a function of cultivar
and nitrogen supply as ammonium percent.
Root:Shoot Calcium

Treatment

% NH," RDT TS Mean
0 0.32 0.36 0.34
6 0.04 0.10 0.07
12 0.03 0.05 0.04
25 0.03 0.05 0.04
50 0.03 0.06 0.04
75 0.03 0.04 0.04
100 0.05 X 0.05
Mean 0.07 0.11 0.09
Trend L¥*, Q% C**

The differences among nitrogen treatments were highly significant (P<0.0001).
RDT, Red Deer Tongue; TS, Two Star; L, linear; Q, quadratic; C, cubic; **, highly
significant; X, no data. Missing data points: TS: no data at 100% NH4*-N, one data
point missing at 50 and 75% NH4*-N. RDT: one data point missing at 100% NH4*-N.

Table 2.40. Experiment 1. Root:shoot calcium ratio.

Nitrogen treatments - % NH4*
0 6 12 25 50 75 | 100

Root:Shoot Calcium 0.34 | 0.07 | 0.04 | 0.04 | 0.04 | 0.04 | 0.05

Root:Shoot Dry Weight | 0.12 | 0.13 | 0.10 | 0.09 | 0.09 | 0.08 | 0.08
Nitrogen affected the results significantly (P<0.0001). Root:shoot dry weight is
shown for comparison of mass ratios with concentration ratios.

2.3.4.2 Experiment 2 - Effect of ammonium:nitrate ratios on calcium
content in lettuce if solutions are buffered with CaCOs
Shoot calcium percentages of Red Deer Tongue and Two Star were 1.29
and1.04%, respectively (Table 2.41), a significant difference (P=0.0451).
Shoot calcium concentrations were significantly (P<0.0001) different among
nitrogen treatments and followed a cubic relationship (P=0.0014) (Table 2.41).

Plants in the 12% NH4*-N treatment had the highest mean percentage shoot calcium
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value at 1.36%. The lowest values occurred in the treatments containing 50% or
greater ammonium-N. The 100% ammonium-N treatment had the lowest value,
0.92%.

Table 2.41. Experiment 2. Calcium concentration in lettuce shoots as a
function of cultivar and supply of ammonium in a calcium carbonate-buffered
solution.

Calcium concentration, % dry wt.

% NH," RDT TS Mean
0 1.32 1.06* 1.19
6 1.35 1.09* 1.22
12 1.56 1.15%* 1.36
25 1.42 1.24ns 1.33
50 1.10 1.05ns 1.08
75 1.23 0.89** 1.06
100 1.04 0.80* 0.92
Mean 1.29 1.04*

Trend L**,Q**,C**

The difference between the cultivars was significant (P=0.0451). The differences
among the nitrogen treatments were highly significant (P<0.0001). Differences
between cultivar means within rows were determined by F-test. RDT, Red Deer
Tongue; TS, Two Star; L, linear; Q, quadratic; C, cubic; *, significant (P<0.05); **,
highly significant (P<0.01).

Total shoot calcium measurements were obtained by multiplying shoot
calcium percent by shoot dry weight. The difference between the cultivars was
significant (P=0.0011) with Two Star having a mean total shoot calcium content of
85 mg Ca/head, whereas Red Deer Tongue had 70 mg Ca/head (Table 2.42).
Although Red Deer Tongue had a higher percentage of calcium in the shoots than
did Two Star, Two Star, due to its greater mass, had higher total calcium content.

With regard to total shoot calcium, the differences among nitrogen

treatments were significant (P<0.0001) in a cubic relationship (P=0.0015) (Table
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2.42). The 25% NH4*-N treatment had the highest total shoot calcium content, with
a mean weight of 104 mg Ca/head.

Table 2.42. Experiment 2. Total shoot calcium as a function of cultivar and
supply of ammonium in a calcium-carbonate buffered solution.

Total Shoot Calcium, mg/head

% NH," RDT TS Mean
0 60 85* 73
6 70 85ns 77
12 83 100ns 91
25 95 113ns 104
50 73 97* 85
75 66 74ns 70
100 41 43ns 42
Mean 70 85**

Trend L** Q** C**

The difference between cultivars was significant (P=0.0011). The differences
among nitrogen treatments were significant (P<0.0001). Differences between
cultivar means within rows were determined by F-test. RDT, Red Deer Tongue; TS,
Two Star; L, linear; Q, quadratic; C, cubic; **, highly significant.

In this experiment, roots were in a solution to which had been added 10g of
calcium carbonate. Although roots were triple rinsed in distilled water at time of
harvest, root calcium measurements could have been affected by calcium carbonate
residue adhering to the external surface of the root.

The differences among nitrogen treatments were significant (P=0.061), with
root calcium concentration having a linear (P=0.0002) relationship to nitrogen
treatments (Table 2.43). Roots had the highest mean calcium percent (3.71%) at
the 6% NH4*-N treatment level. The lowest mean calcium percent (1.23%) was at
the 100% NH4*-N treatment level. Since root calcium measurements were not

obtained in Experiment 3, results from Experiments 1 and 2 are presented side-by-

side, below (Table 2.43). Buffering the solution, as was done in Experiment 2, gives
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improved values for root calcium percent for all treatments supplying ammonium-
N, regardless of NH4* concentration.
Table 2.43. Experiment 1 & 2. Calcium concentration in roots as a function of

cultivar and amount of ammonium in an unbuffered solution (Experiment 1)
or in a calcium carbonate buffered solution (Experiment 2).

Root calcium, % dry wt.

% NH." Unbuffered Buffered Mean, Mean,
RDT TS RDT TS Unbuffered | Buffered

0 3.76 3.72 2.18 4.00 3.74 3.09
6 0.57 1.07 2.85 4.57 0.82 3.71
12 0.49 0.54 2.65 2.66 0.52 2.65
25 0.44 0.46 1.85 4.16 0.45 3.01
50 0.37 0.34 1.83 3.09 0.36 2.46
75 0.28 0.39 1.33 1.92 0.32 1.62
100 0.51 X 1.12 1.34 0.51 1.23
Mean 0.91 1.09 1.97 3.11

Trend L** Q** CH* L**

The differences among nitrogen treatments were highly significant in Experiment
1(P<.0001) and Experiment 2 (P=0.0061). RDT, Red Deer Tongue; TS, Two Star; L,
linear; C, cubic; **, highly significant.

With the buffered treatments, either cultivar or nitrogen treatment
significantly affected the root:shoot ratio of calcium distribution (Table 2.44). Two
Star had a higher root:shoot calcium ratio than did Red Deer Tongue, 0.47 and 0.23,
respectively. Both cultivars had higher root-to-shoot ratios than those grown in

unbuffered solutions. Root:shoot calcium ratio had a declining linear relationship to

increasing ammonium-N concentration in the medium.
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Table 2.44. Experiment 2. Root:shoot calcium ratio as a function of cultivar
and ammonium nitrogen supply in a buffered solution.

Root:Shoot of Ca

% NH," RDT TS Mean
0 0.30 0.63 0.47
6 0.37 0.80 0.59
12 0.30 0.35 0.33
25 0.19 0.61 0.40
50 0.24 0.44 0.34
75 0.11 0.26 0.18
100 0.12 0.21 0.16
Mean 0.23 0.47* 0.35
Trend L**

The difference between the cultivars was significant (P=0.0398). The differences
among nitrogen treatments were significant (P=0.0073). RDT, Red Deer Tongue; TS,
Two Star; L, linear; *, significant (P<0.05); **, highly significant (P<0.01).

2.3.4.3 Experiment 3 - Effect of ammonium:nitrate ratio on calcium content
in lettuce shoot grown in either buffered or unbuffered solutions

The difference between the cultivars was significant (P=0.0027), with Red
Deer Tongue and Two Star having 1.31 and 1.07% shoot calcium concentration,
respectively (Table 2.45).

With regard to shoot calcium percent, the differences among nitrogen
treatments were significant (P<0.0001) (Table 2.45). The 6% NH4*-N treatment had
the highest percent shoot calcium at 1.42%, whereas the 75% NH4*-N treatment had

the lowest, 0.93% Ca.
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Table 2.45. Experiment 3. Calcium concentration in shoots as a function of
cultivar, buffering of solution with calcium carbonate, and amount of nitrogen
supplied as ammonium.

Shoot calcium, % dry wt.

RDT TS

N Mean
% NH4 - Buf + Buf Mean Mean - Buf + Buf
0 1.27 1.41 1.34 1.25ns 1.21 1.29 1.30
6 1.52 1.34 1.43 1.41ns 1.57 1.24 1.42
12 1.39 1.62 1.50 1.22%* 1.16 1.27 1.36
25 1.35 1.59 1.47 1.06** 0.84 1.28 1.27
50 1.17 1.40 1.29 0.89** 0.68 1.10 1.09
75 0.72 1.30 1.01 0.85* 0.76 0.95 0.93
100 0.95 1.25 1.10 0.81** 0.73 0.90 0.96
Mean 1.20 1.42 1.31 1.07** 0.99 1.15
Trend L**, C**

The difference between the cultivars was significant (P=0.0027). The differences
among the nitrogen treatments were significant (P<0.0001). Nitrogen treatment
and cultivar interacted significantly (P=0.0065) to affect the results. Nitrogen
treatment and buffer treatment interacted significantly (P=0.0239) to affect the
results. Differences between overall cultivar means within rows were determined
by F-test. RDT, Red Deer Tongue; TS, Two Star; L, linear; C, cubic; *, significant
(P<0.05); **, highly significant (P<0.01); ns, nonsignificant.

Cultivar and nitrogen treatment interacted significantly (P=0.0065)( Table
2.45). The two cultivars were statistically similar at the 0 and 6% NH4* -N treatment
levels, but Red Deer Tongue had significantly greater shoot percent calcium than
Two Star for all NH4*-N treatments greater than 6%. Highest mean percent shoot
calcium for Red Deer Tongue occurred in the 12% and 25% NH4*-N treatments,
1.50% and 1.47% respectively, with a low of 1.01% occurring at the 75% NH4*-N
treatment level. Two Star had a high of 1.41% Ca at the 6% NH4*-N treatment level,

with a progressive decline thereafter to 0.81% Ca at the 100% NH4* -N treatment

level.
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Figure 2.2. Experiment 3. Concentration of calcium in shoots of lettuce as a
function of buffer treatment and amount of ammonium supplied.
Buffer treatment and nitrogen treatment interacted significantly (P=0.0239) to
affect the results. Buffer treatments were not significantly different at the 0, 6, 12,
and 100% NH4*-N treatment levels. Buffer treatments were significantly different at
the 25 (P=0.0145), 50 (P=0.0208), and 75% NH4*-N (P=0.0065) treatment levels.
Also, nitrogen treatment and buffer treatment interacted significantly
(P=0.0239) to affect the results (Figure 2.2). In the 100% nitrate-N treatment and
the 6 and 12% NH4* -N treatments, buffer treatments did not differ significantly in
shoot calcium. In the 25%, 50%, and 75% NH4* -N treatments, buffer treatments
differed significantly with buffered treatments containing significantly higher shoot
calcium percentages than unbuffered. Atthe 100% NH4*-N treatment level, shoot

calcium concentration was similar at a much restricted value whether buffered or

not.
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Total shoot calcium was calculated by multiplication of shoot percent calcium
by shoot dry weight. The cultivars did not differ significantly. The differences
among nitrogen treatments were significant (P<0.0001), with total shoot calcium
content declining in a linear relationship to the increase in ammonium
concentration in the solution (Table 2.46). Highest mean total shoot calcium
occurred in the 6% NH4*-N treatment, 154 mg Ca/head, whereas the lowest value
occurred at the 100% NH4*-N treatment, 53 mg Ca/head. The difference between
buffer treatments was significant (P=0.0249) with the buffered treatments having
mean total shoot calcium content of 127 mg/head, and the unbuffered treatments
having a mean of only 92 mg Ca/head. Nitrogen treatment and buffer treatment
interacted significantly (P=0.0006). Buffering was not a significant factor when
ammonium concentration in the solution was 12% NH4*-N or below; however, at
25% NH4*-N and above buffering significantly enhanced growth over unbuffered

treatments.
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Table 2.46. Experiment 3. Total shoot calcium as a function of buffering of
solution with calcium carbonate, cultivar, and amount of nitrogen supplied as
ammonium.

Total shoot calcium, mg/plant

- Buffer + Buffer
N Mean

% NH,4 RDT TS Mean Mean RDT TS

0 141 141 141 135ns 111 159 138
6 158 166 162 146ns 138 153 154
12 125 121 123 129ns 122 137 126
25 130 70 100 148** 142 154 124
50 71 41 56 137** 154 121 97
75 28 36 32 111%* 138 84 72
100 25 27 26 81** 90 73 53
Mean 97 86 92 127* 128 126

Trend L**

The differences among nitrogen treatments were significant (P<0.0001). The
difference between buffer treatments was significant (P=0.0249). However,
nitrogen treatment and buffer treatment interacted highly significant (P=0.006) to
affect the results. Differences between means with or without buffer within rows
were determined by F-test. RDT, Red Deer Tongue; TS, Two Star; L, linear; *,
significant (P<0.05); **, highly significant (P<0.01); ns, nonsignificant.

2.3.5 Nitrogen

2.3.5.1 Experiment 1 - Effect of ammonium:nitrate ratio on Kjeldahl
nitrogen content in lettuce without buffering the solution

In Experiment 1, which was conducted without buffering of the solutions,
nitrogen assessment consisted of shoot Total Kjeldahl Nitrogen (TKN). Nitrate or
ammonium accumulation separate from TKN was not measured. The cultivars
differed significantly (P=0.0245) with respect to shoot TKN, with Red Deer Tongue
and Two Star having 5.16% and 4.54% shoot TKN, respectively (Table 2.47).

The differences among nitrogen treatments were significant (P=0.0045) and
varied from a high of 5.13% TKN in the 12% NH4* -N treatment to a low of 4.46%
TKN in the 75% NHs* -N treatment (Table 2.47). The concentration of nitrogen

declined linearly as the supply of ammonium increased.
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Table 2.47. Experiment 1. Total Kjeldahl nitrogen in lettuce shoots as a function of
cultivar and amount of nitrogen supplied as ammonium in an unbuffered solution.

Shoot Total Kjeldahl Nitrogen, %

% NH," RDT TS Mean
0 5.06 5.09ns 5.08
6 5.00 4.88ns 4.94
12 5.32 4.94ns 5.13
25 5.58 4,10** 4.84
50 5.77 4,01%** 4.89
75 4.57 4.34ns 4.46
100 4.85 4.40ns 4.62
Mean 5.16 4.54%*

Trend L**

The difference between the cultivars was significant (P=0.0245). The differences
among nitrogen treatments were significant (P=0.0045). However, cultivar and
nitrogen treatment interacted significantly (P=0.0004) to affect shoot total nitrogen.
Differences between cultivar means within rows were determined by F-test. RDT,
Red Deer Tongue; TS, Two Star; L, linear regression; *, significant (P<0.05); **,
highly significant (P<0.01); ns, nonsignificant.

Cultivar and nitrogen treatment interacted significantly (P=0.0004) (Table
2.47). Red Deer Tongue had significantly higher percent TKN at the 25% and 50%

NH4*-N treatment levels than Two Star. In the other nitrogen treatments the

cultivars were statistically similar.

2.3.5.2 Experiment 2 - Effect of ammonium:nitrate ratios on total Kjeldahl
nitrogen content in lettuce if solutions are buffered with CaCO3

With regard to shoot TKN in Experiment 2, the cultivars were not
significantly different with buffering of solutions with CaCO3 (Table 2.48). The
differences among nitrogen treatments were significant (P=0.0002), with a linear
increase in total nitrogen content from a low 4.70% TKN at the 0% NH4*-N

treatment level to a high of 5.66% at the 100% NH4*-N treatment level (Table 2.48).
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Table 2.48. Experiment 2. Total Kjeldahl nitrogen as a function of cultivar and
supply of nitrogen as ammonium in a buffered solution.
Shoot Total Kjeldahl Nitrogen, %

% NHa4* RDT TS Mean
0 4.65 4,75 4.70
6 4,95 4.86 491
12 5.08 4,92 5.00
25 5.18 4.92 5.05
50 5.52 5.17 5.34
75 5.75 5.33 5.54
100 5.98 5.35 5.66
Mean 5.30 5.04ns

Trend L**

The differences among nitrogen treatments were significant (P=0.0002). Differences
between cultivar means within rows were determined by F-test. RDT, Red Deer
Tongue; TS, Two Star; L, linear; **, highly significant (P<0.01).

2.3.5.3 Experiment 3 - Effect of ammonium:nitrate ratio on total Kjeldahl

nitrogen and nitrate content in lettuce in either buffered or

unbuffered solutions

Nitrogen treatment and buffer treatment interacted significantly (P=0.0110)

to affect shoot total Kjeldahl nitrogen (Table 2.49). The unbuffered and buffered
treatments were statistically similar for the 100% nitrate-N treatment and 6 and
12% NH4*-N treatments. For all treatments supplying 25% ammonium-N or greater
of the total N supply, buffer treatments differed significantly. For each of these
treatments, buffered treatments had significantly higher shoot % TKN than
unbuffered solutions. If solutions were buffered, shoot % TKN increased linearly
from a low with 100% nitrate-N to a high with the 100% ammonium-N treatment,
6.61 and 8.28% TKN, respectively. In unbuffered treatments, shoot TKN percent
decreased linearly as ammonium supply increased, with highest value being in the

25% NHa4*-N treatment and lowest value being in the 75% NH4* -N treatment, 6.96

and 6.36% TKN, respectively.
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Table 2.49. Experiment 3. Total Kjeldahl nitrogen in shoots of lettuce as a
function of buffer, cultivar, and amount of nitrogen supplied as ammonium.
Shoot Total Kjeldahl Nitrogen, %, dry wt.

% NHa* - Buffer + Buffer
RDT TS Mean Mean RDT TS

0 6.77 6.33 6.55 6.61ns 681 6.42
6 6.85 6.37 6.61 6.61ns 6.60 6.62
12 712 6.66 6.89 7.01ns 7.41 6.61
25 693 6.99 6.96 7.57* 7.64 7.50
50 7.01 6.45 6.73 7.65** 791 7.38
75 6.38 6.27 6.32 7.95%* 787 8.02
100 6.33 6.40 6.36 8.28** 849 8.07
Mean 6.77 6.49 6.63 7.38ns 7.53 7.23

Nitrogen treatment and buffer treatment interacted significantly (P=0.0190).
Differences between means with or without buffer within rows were determined by
F-test. RDT, Red Deer Tongue; TS, Two Star; *, significant (P<0.05); **, highly
significant (P<0.01); ns, nonsignificant.

Red Deer Tongue had a significantly higher (P=0.0418) shoot concentration
of nitrate-N than Two Star, 1.49 and 1.07%, respectively (Table 2.50). The
differences among nitrogen treatments were significant (P<0.0001). Shoot nitrate-
N concentration declined from a high at the 100% nitrate-N treatment level to a low
at the 100% ammonium-N level, 2.22 and 0.12%, respectively. However, cultivar
and nitrogen treatment interacted significantly (P=0.0006) to affect the results
(Table 2.50). Two Star had a significantly lower shoot nitrate concentration than
Red Deer Tongue at the 12 (P=0.0454), 25 (P=0.0004), or 50% (P=0.0271)
ammonium-N treatment levels. For all other treatments, the cultivars were not

significantly different. Note that buffer treatment and nitrogen treatment did not

interact to affect shoot nitrate concentration.
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Table 2.50. Experiment 3. Concentration of nitrate-N in shoots of lettuce as a
function of cultivar and amount of nitrogen supplied as ammonium in
buffered or unbuffered solutions

Shoot nitrate nitrogen, %, dry wt.

RDT TS

N Mean
% NH,4 - Buf + Buf Mean Mean - Buf + Buf
0 2.54 2.30 2.42 2.01ns 1.91 2.11 2.22
6 1.83 1.83 1.83 1.65ns 1.65 1.66 1.74
12 2.27 2.03 2.15 1.64%* 1.58 1.70 1.90
25 2.16 2.31 2.24 1.12%* 0.97 1.26 1.68
50 1.09 1.28 1.19 0.61* 0.33 0.89 0.90
75 0.15 0.72 0.44 0.36ns 0.14 0.58 0.40
100 0.08 0.20 0.14 0.09ns 0.04 0.15 0.12
Mean 1.45 1.53 1.49 1.07* 0.95 1.19
Trend L**

The difference between the cultivars was significant (P=0.0418). The differences
among nitrogen treatments were significant (P<0.0001). Nitrogen treatment and
cultivar interacted significantly (P=0.0006) to affect the results. Differences between
cultivar overall means within rows were determined by F-test. RDT, Red Deer
Tongue; TS, Two Star; L, linear; *, significant (P<0.05); **, highly significant
(P<0.01); ns, nonsignificant.

The differences among nitrogen treatments were significant (P<0.0001) if
considering total shoot nitrate (Table 2.51). As ammonium-N in the treatments
increased, total shoot nitrogen declined, having a mean high at the 100% nitrate-N
treatment of 239 mg NO3-/plant and the low at the 100% ammonium-N treatment, 8
mg NOsz-/plant.

Cultivar and buffer treatment interacted significantly (P=0.0056) to affect the
results (Table 2.51). In the presence of buffer, the cultivars were not significantly

different. If buffer was absent, Red Deer Tongue had significantly higher total shoot

nitrate-N content than did Two Star, 137 versus 96 mg NO3z"-N/plant, respectively.
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Table 2.51. Experiment 3. Total nitrate-N accumulation in shoots of lettuce, as
a function of buffer, cultivar, and nitrogen supply as ammonium.

Shoot total nitrate-N, mg/plant

- Buffer + Buffer
% NH4+ Mean
RDT TS Mean Mean RDT TS

0 281 224 254 224 184 260 239
6 192 176 184 196 184 205 190
12 202 164 186 175 161 183 180
25 212 79 140 186 208 149 163
50 64 20 42 119 141 98 81
75 6 7 6 63 75 51 34
100 2 1 2 13 14 12 8
Mean 137 96** 116 139 138 137ns
Trend L**,Q*

The differences among nitrogen treatments were significant (P<0.0001). Cultivar
and buffer treatment interacted significantly (P=0.0056) to affect the results.
Differences between cultivar means within buffer treatment within the row were
determined by F-test. RDT, Red Deer Tongue; TS, Two Star; L, linear; Q, quadratic; *,
significant (P<0.05); **, highly significant (P<0.01).

2.3.6 Chlorophyll

Chlorophyll in the shoots was measured in Experiment 3.

With regard to SPAD measurements, which measure fluorescence and are an
estimate of chlorophyll concentrations, the difference between the cultivars was
significant (P=0.0048). Two Star had relatively greater SPAD values compared to
Red Deer Tongue, 208 to 188 units, respectively.

The differences among nitrogen treatments were significant (P=0.0108),
with SPAD having a cubic relationship to nitrogen treatment (Table 2.52). The
highest SPAD values were recorded at the 50% NH4*-N treatment, 220 units, and the
100% NOs-N treatment, 208 units, whereas the lowest value occurred at the 100%

NH4*-N treatment, 181 units.
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Buffered treatments had a significantly higher (P=0.0304) chlorophyll index
value than unbuffered treatments, 205 and 191 units, respectively (Table 2.52).

Nitrogen treatment and buffer treatment interacted significantly (P=0.0053)
to affect SPAD values (Table 2.52). For most of the nitrogen treatments, buffer
treatments were statistically similar with regard to chlorophyll indices. At the 6, 75,
or 100% NH4*-N treatment levels, buffered treatments had significantly higher
chlorophyll index values than unbuffered treatments. Atthe 6% NH4*-N treatment
level, the buffered treatment had a higher chlorophyll index than the unbuffered
treatment at this level, 206 and 172 units, respectively. At the 75% NH4*-N
treatment level, buffered treatments and unbuffered treatments had a mean rating
of 216 and 184, respectively. Atthe 100% NH4* -N treatment level, the chlorophyll

index readings were 210 and 152 units, respectively.
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Table 2.52. Experiment 3. Chlorophyll index [SPAD units] as a function of
buffer, cultivar, and supply of nitrogen as ammonium.

Chlorophyll index

- Buffer + Buffer

N Mean
% NHq4 RDT TS Mean Mean RDT TS
0 219 210 215 201ns 192 211 208
6 156 188 172 206* 205 207 189
12 196 213 205 184ns 157 210 194
25 184 224 204 187ns 168 207 195
50 194 220 207 233ns 248 218 220
75 167 201 184 216* 215 216 200
100 133 170 152 210** 198 221 181
Mean 178 204 191 205* 197 213
Trend Q**,c*

The difference between the cultivars was significant (P=0.0048). The differences
among nitrogen treatments were significant (P=0.0108). The difference between
the buffer treatments was significant (P=0.0304). Nitrogen treatment and buffer
treatment interacted significantly (P=0.0053) to affect the results. Differences
between buffer treatment means within rows were determined by F-test. RDT, Red
Deer Tongue; TS, Two Star; *, significant; **, highly significant; ns, not significant; Q,
quadratic; C, cubic.

2.3.7 Electrical Conductivity

2.3.7.1 Experiment 1 - Effect of ammonium:nitrate ratio on electrical
conductivity in hydroponic solutions without buffering the solution

Electrical conductivity measurement of the nutrient solution in each
hydroponic vessel was made just prior to harvest.

The cultivars did not differ significantly in altering the electrical conductivity
of the solutions.

The electrical conductivity of the starting solutions varied significantly
among the nitrogen treatments (Table 2.53). Although a cubic relationship of
electrical conductivity to nitrogen treatments was highly significant, a linear

relationship gives a more accurate picture. As ammonium-N content in the
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solutions rose, so did the EC of the solution, ranging from a low of 2.00 dS/m in the
12% NH4*-N solution to a high of 3.40 dS/m in the 100% NH4*-N treatment.

By the end of the experiment, the EC of the nutrient solutions had increased
in all nitrogen treatments. Change in EC, from that of the starting solutions to that of
the solutions at harvest, had significant differences (P<0.0001). The EC for all the
solutions increased but the change was smallest for the 100% NO3™-N treatment, a
change of 0.2 dS/m, and greatest for the 100% NH4*-N treatment, a change of 1.53
dS/m. EC varied among nitrogen treatments in a cubic (P=0.0071) relationship.

The differences between treatments were greatest among the treatments containing
100% nitrate-N and the lowest ammonium-N concentrations and became more
gradual as ammonium-N concentration increased, until the 100% NH4*-N treatment,
which had the greatest change from the starting solution.

Table 2.53. Experiment 1. Electrical Conductivity of hydroponic solutions as a
function cultivar and supply of nitrogen as ammonium at the start and end of

the experiment with unbuffered solutions
Electrical conductivity (dS/m)

Starting

% NH,"  Solution RDT TS Mean AEC
0 2.10 2.43 2.17 2.30 +0.20
6 2.10 3.01 2.42 2.72 +0.62
12 2.00 2.73 3.18 2.96 +0.96
25 2.50 3.35 3.68 3.52 +1.02
50 2.60 3.87 3.80 3.83 +1.23
75 3.10 440 4.27 4.33 +1.23
100 3.40 4.93 4.93 4.93 +1.53
Mean 3.53 3.49

Trend Lkx Qrx Cx* L% QF CH% %% QFCH*

Of the starting solution: The differences among nitrogen treatments were
significant (P<0.0001). Of the hydroponic vessels at conclusion of experiment:
The differences among nitrogen treatments were significant (P<0.0001). AEC: The
differences among nitrogen treatments were significant (P<0.0001). RDT, Red Deer
Tongue; TS, Two Star; *, significant (P<0.05); **, highly significant (P<0.01); L,
linear; Q, quadratic; C, cubic.
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2.3.7.2 Experiment 2 - Effect of ammonium:nitrate ratios on electrical
conductivity in hydroponic solutions if solutions are buffered with
CaCoOs3
In unbuffered Experiment 1 and in buffered Experiment 2, the EC of the
starting solutions and that of the hydroponic solutions at the end of the experiment
differed significantly amongst nitrogen treatments (P<0.0001) (Table 2.54). For
both, there was a linear increase in EC as ammonium concentration in the solution
increased. However, the amount of change from the starting solution to solutions at
harvest also had a linear increase: the greater the concentration of ammonium-N in
the nitrogen treatment, the greater the increase in the electrical conductivity of the
solution.
Table 2.54. Experiment 2. Electrical conductivity of hydroponic solutions as a

function of cultivar and supply of nitrogen as ammonium.
Electrical conductivity (dS/m)

Starting

% NH," Solution RDT TS Mean AEC
0 2.10 2.43 2.38ns 2.41 +0.31
6 2.10 2.45 2.38ns 2.42 +0.32
12 2.20 2.60 2.73ns 2.67 +0.47
25 2.40 3.03 3.13ns 3.08 +0.68
50 X 3.90 4.03ns 3.97 X

75 3.10 4.33 4.48ns 4.41 +1.31
100 3.60 4.98 5.27ns 5.13 +1.53
Mean 3.39 3.49ns 3.44 0.77
Trend L**,Q**,C** [L** [**

Of the starting solution (unbuffered): The differences among nitrogen treatments
were significant (P<0.0001). Of the hydroponic vessels at conclusion of
experiment: The differences among nitrogen treatments were significant
(P<0.0001). Differences between cultivar means within rows were determined by
F-test. AEC: The differences among nitrogen treatments were significant
(P<0.0001). RDT, Red Deer Tongue; TS, Two Star; *, significant (P<0.05); **, highly
significant (P<0.01); L, linear; Q, quadratic; C, cubic; X, no data collected.
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2.3.7.3 Experiment 3 - Effect of ammonium:nitrate ratio on electrical
conductivity in hydroponic solutions in either buffered or
unbuffered solutions

Electrical conductivity measurement of the nutrient solution in each
hydroponic vessel was made five days prior to harvest (Table 2.55).

The buffer treatments differed significantly (P=0.0319). At harvest,
unbuffered treatments and buffered treatments had mean EC measurements of 4.63
and 4.85 dS/m, respectively (Table 2.55).

The differences among nitrogen treatments were significant (P<0.0001), in a
quadratic relationship (P=0.0003) (Table 2.55). The lowest NH4*-N treatments, 0%
and 6% NH4*, had the lowest EC values, 3.27 and 3.18 dS/m, respectively. Electrical
conductivity rose progressively with each rise in NH4*-N treatment, increasing to a
mean high of 6.55 dS/m at the 75% NH4*-N treatment level.

Cultivar and nitrogen treatment interacted significantly (P=0.0320) to affect
the results (Table 2.55). Red Deer Tongue had significantly higher EC
measurements than Two Star at either the 75 (7.08 vs. 6.02 dS/cm) or 100% NH4*-N
treatment levels (6.72 vs. 6.07 dS/cm). At all other nitrogen treatment levels the EC
of the cultivars did not differ significantly.

Values of electrical conductivity after plant exposure are shown in
comparison to the values obtained of the treatment solutions before plant exposure.
For the starting solutions, the differences among the nitrogen treatments were
highly significant (Table 2.55). Again, the treatments with lower NH4*-N content

had lower measures of electrical conductivity, 2.60 dS/m for either the 0% or 6%
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NH4*-N treatments. The highest measures of electrical conductivity were from the
75% or 100% treatments NH4*-N treatments, which both measured 4.00 dS/m.

At each nitrogen treatment level, EC values increased during the experiment
(Table 2.55). This trend likely reflects that plant ion uptake decreased as
ammonium in the nutrient solution increased. Over the course of the experiment,
additional treatment solution was added to the hydroponic vessels as needed to
maintain adequate levels of liquid. The solutions were never replaced. If plants
took up fewer ions from the solution, and if evaporation occurred, the nutrient
solutions would become more concentrated and have higher electrical conductivity.
Even though the volume of nutrient solution added to the hydroponic vessels
declined as ammonium-N levels in the treatment solution increased, the EC of the
solution increased. Alternatively, ammonium may give a higher EC than nitrate by

being more mobile in an electrical field than nitrate.
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Table 2.55. Experiment 3. Electrical conductivity of hydroponic solutions as a
function of cultivar, buffer, and supply of nitrogen as ammonium at the end of
the experiment

Electrical conductivity (dS/m)

0 .
,{]’H4+ ooariine RDT TS Mean | AEC
- Buf ‘ + Buf ‘ Mean | Mean ‘ - Buf ‘ + Buf
0 260 |353 317 335 318ns 320 3.17 327  +0.67
6 2.60 3.10 330 3.20 3.17ns 2.87 347 3.18 +0.58
12 280 | 420 350 385 3.72ns 383 3.60 3.78  +0.98
25 3.00 503 433 468 4.80ns 450 510 4.74 +1.74
50 3.10 | 467 567 517 537ns 553 520 5.27 +2.17
75 4.00 6.50 7.67 7.08 6.02** 587 6.17 6.55 +2.55
100 4.00 637 7.07 6.72 6.07* 557 657 6.39 +2.39

Mean 3.16 477 496 4.86 4.62ns 4.48 475 4.74
L%, Q**,C** Lk Q** L** Q**

Of the starting solution: the differences among the nitrogen treatments were
significant (P<0.0001). Of the hydroponic vessels at conclusion of experiment:
The differences among nitrogen treatments were significant (P<0.0001). The
difference between buffer treatments was significant (P=0.0319). Cultivar and
nitrogen treatment interacted significantly (P=0.0320) to affect the results.
Differences between overall cultivar means within rows were determined by F-test.
AEC: The differences among nitrogen treatments were significant (P<0.0001). The
differences between buffer treatments was significant (P=0.0319). Cultivar and
nitrogen treatment interacted significantly to affect the results (P=0.0320). RDT,
Red Deer Tongue; TS, Two Star; *, significant (P<0.05); **, highly significant
(P<0.01); ns, nonsignificant; L, linear; Q, quadratic; C, cubic.

2.3.8 Volumes of nutrient solutions used per treatment

The volume of nutrient solutions used per treatment was measured in
Experiment 3 with buffered and unbuffered solutions.

The total volume of treatment solution needed to maintain the treatment
vessels at full capacity over the course of the experiment differed significantly
(P<0.0001) amongst the nitrogen treatments in a linear (P<0.0001) relationship

(Table 2.56). The highest volume was at the 0% NH4*-N treatment level, with a
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mean of 3.3 L added. The volumes declined progressively to the 100% NH4*-N
treatment level, with 1.8 L added over the course of the experiment. Buffer
treatments also differed significantly (P=0.0179), with the buffered treatment
having a significantly greater volume of nutrient solution added than the unbuffered
treatment, 3.1 and 2.5 L, respectively.

Nitrogen treatment and buffer treatment interacted significantly (P=0.0071)
to affect the results. Atthe lower NH4*-N treatment levels the two buffer treatments
were statistically similar. Atthe 50% NH4*-N treatment level and above, the
buffered treatment had a significantly (P<0.0001) higher volume of treatment
solution added to maintain adequate levels of liquid in the hydroponic vessels.
Table 2.56 Volumes of nutrient solutions added to hydroponic vessels for

duration of experiment.
Volume of solution added to hydroponic vessels, L

% NH." - Buffer + Buffer Mean
RDT TS Mean Mean RDT TS
0 3.38 3.38 3.38 3.21ns 2.82 3.60 3.29
6 3.48 3.29 3.38 3.17ns 2.67 3.67 3.28
12 2.96 3.10 3.03 2.96ns 2.75 3.17 2.99
25 3.25 2.34 2.79 3.27ns 3.11 3.44 3.03
50 2.12 1.85 1.98 3.24%** 3.44 3.03 2.61
75 1.50 1.58 1.54 3.09** 3.35 2.83 2.32
100 1.10 1.14 1.12 2.30** 2.44 2.34 1.76
Mean 2.54 2.38 2.46 3.05* 2.94 3.15
Trend L**

The differences among nitrogen treatments were significant (P<0.0001). The buffer
treatments differed significantly (P=0.0179). Nitrogen treatment and buffer
treatment interacted significantly (P=0.0071) to affect the results. Differences
between buffer treatment means within rows were determined by F-test. RDT, Red
Deer Tongue; TS, Two Star; *, significant (P<0.05); **, highly significant (P<0.01); ns,
nonsignificant; L, linear.
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2.4 Discussion

2.4.1 pH

Nitrogen is the only nutrient absorbed by plants in cationic or anionic form.
Since nitrogen constitutes approximately 80% of the total plant nutrient uptake
(Marschner, 2012), the form that is absorbed has a significant impact on the pH of
the nutrient or soil solution. This effect is a consequence of the role of hydrogen
ions as the coin of electrical charge balance in plants: when nitrate, an anion, is the
predominant nitrogen form of plant uptake, then anion uptake predominates over
cation absorption and restoring the cellular electrical charge balance necessitates
that either OH- or HCO3- be released from the cell into the apoplasm. Alternatively,
H* could be taken up from the apoplasm. When ammonium is the nitrogen source,
cation uptake would exceed anion uptake and restoring the charge balance would
occur through H* release into the apoplasm (Hinsinger et al., 2003).

For all experiments, we measured the pH of the hydroponic medium at the
start of the experiment and at harvest to observe how nitrogen treatment affected
the pH. With unbuffered solutions (Experiment 1), in the 100% nitrate-N treatment,
the pH became alkaline, rising by about 2 pH units above the initial pH of the
nutrient solutions for each cultivar. Similarly, in the 6% NH4* -N treatment, the pH
of the medium rose from that of the starting solution by a full pH unit, but to a lesser
extent than when no ammonium was present in the N supply. A rise in pH is to be
expected when nitrate dominates plant nitrogen uptake.

Many plant species have a preference for ammonium uptake over nitrate

arschner, . In unbuffered media (Experiment 1), the o NH4* -
(M h 2012). 1 buffered media (Experi 1), the 12% NH4* -N
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treatment was the treatment with the lowest ammonium concentration in which the
pH of the hydroponic vessel was lower at plant harvest than that of the starting
solution, declining to a mean pH of 4.15, a decline of nearly one pH unit from the
starting solution and a level considered detrimental to plants (Arnon and Johnson,
1942). Arnon and Johnson (1942) concluded that the effects of acidity were due to
poor calcium nutrition. The net increase of protons in the external solution of a
nutrient solution in which ammonium constituted only 12% of the total nitrogen
supply demonstrates the marked preference for ammonium uptake over that of
nitrate in these lettuce cultivars. Other researchers have observed that acidification
occurs despite high nitrate concentrations in the external medium (Marschner,
2012). As ammonium concentration in the treatments increased above 12%, the
differences in acidity were much greater. Also, for hydroponic media at the 12%
NH4* -N level or higher, the declines in pH from that of the starting solution were
remarkably similar, averaging 1 pH unit for Red Deer Tongue, and 1.37 pH units for
Two Star. Again, assuming declines in pH reflect uptake of ammonium, Two Star
seems to take up more ammonium than does Red Deer Tongue.

Plant preferential uptake of ammonium over nitrate is a well-known
phenomenon (Marschner, 2012). In Scots pine plants supplied with ammonium and
nitrate in ratios of 3:1, 1:1 and 1:3, uptake of ammonium exceeded nitrate in ratios
of 4.2, 2.5, and 1.5, respectively for the three treatments (Arnold, 1992). These
plants showed a clear preference for ammonium uptake even if ammonium was

only one fourth of the nitrogen supply.
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In unbuffered media (Experiment 1), as ammonium-N content of the
solutions rose above 12%, the pH values of the solutions differed minimally from
one another despite the large increases of ammonium in the treatments to 25, 50,
75, and 100% of the total nitrogen supplied. The pH of all the treatments with 12%
NH4*-N or greater varied by no more than 0.78 pH units from highest to lowest pH
values. The absence of continued decline in pH at these higher ammonium
concentrations may reflect uptake inhibition due to root injury at low pH.

Knowing the detrimental effects of excess ammonium uptake, it is
worthwhile to emphasize the point that change in net proton release was less
pronounced for Red Deer Tongue than for Two Star. From the 100% nitrate-N to
the 100% ammonium-N treatment, there was a difference of 3.15 pH units for Red
Deer Tongue and 4.33 units for Two Star. Two Star is a higher yielding lettuce than
Red Deer Tongue. If Two Star has higher nitrogen uptake than Red Deer Tongue,
then greater extremes in pH would be expected if ammonium uptake exceeds
nitrate uptake.

Again, interpreting pH decline as a reflection of ammonium uptake, it is
worth noting that other researchers have found that ammonium uptake declined
with decreasing pH, probably as a result of increasing competition with H* ions
(Brix et al.,, 2002). This result might be another explanation for the leveling off of pH
change between higher ammonium-N treatments in unbuffered solutions
(Experiment 1).

Changes in the relative uptake of ammonium-N compared to nitrate-N could

provide a third explanation for the small differences in pH in the higher ammonium-
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N containing treatments. Low pH is known to favor nitrate uptake. In addition,
ammonium low-affinity transport operates at high ammonium concentration.

Visual inspection of the plants supports the possibility that impairment of
root function likely played a role in the small changes in pH that occurred between
higher ammonium-N treatments. In unbuffered solutions (Experiment 1), no visible
change in root health, as shown by change in size and color, was observed when
ammonium-N was less than 50% of the total nitrogen supplied. However, in the
50% NH4*-N treatment, roots of Two Star displayed visible symptoms of root
damage: much decreased root mass and a change from healthy white roots to
brown. Red Deer Tongue did not display these symptoms until the 75% NH4* -N
treatment.

In buffered solutions (Experiment 2 and Experiment 3), calcium carbonate
was added to each hydroponic vessel to buffer against pH change. Removing the
element of change in external pH made it possible to observe effects of nitrogen
form on plant yield and nutrient uptake without the factor of physical damage to the
root resulting from high acidity in the growing medium. Buffering against changes
in pH may also have altered the relative uptake of ammonium and nitrate in the
higher treatments.

Buffering was more effective at stabilizing pH in Experiment 3, but alleviated
the effects of external acidification in both experiments effectively. In Experiment 2,
Red Deer Tongue showed a range of solution pH values from a high of 7.8 to a low of
5.0; Two Star ranged from pH 7.9 to 4.9. Thus, buffering in Experiment 2 effectively

maintained acidity at pH 5 or above, conditions that are conducive to growth. Visual
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observation of roots showed that maintaining acidity at pH 5 or above had a positive
effect on size and color of roots. In Experiment 3, in treatments that lacked buffer,
the solution pH at harvest ranged from 7.68 to 3.24, whereas, in buffered

treatments, solution pH ranged from pH 7.62 to 7.16.

2.4.2 Plant Growth

The goal of this study was to determine the effects of different nitrogen
forms, ammonium and nitrate, on the accumulation of calcium and potassium in two
different lettuce varieties, with known differences in nutrient accumulation. Plant
yield is affected by variation in forms of nitrogen supplied; limitations in yield are
common in plants sensitive to ammonium nutrition. Before considering nutrient
accumulation, we will consider how lettuce growth and yield are affected by
variation in nitrogen form. Obviously, the most marketable lettuce heads will be
ones that grow to maximum size.

Lettuce is known to be highly sensitive to ammonium (Cruz et al., 2006). As
expected, in our experiments, we observed that both Red Deer Tongue and Two Star
were highly sensitive if ammonium constituted the sole nitrogen source. All of our
nitrogen treatments delivered a total nitrogen supply of 15 mM with only the
proportion of ammonium to nitrate varying from one treatment to the next. Thus, in
the 100% NH4* -N treatment, ammonium supply equaled 15 mM, considered a high
concentration. However, ammonium as the sole nitrogen source is toxic regardless
of molar concentration (Hachiya et al., 2012; Li et al,, 2010; Rahayu et al., 2005).

Several commonly seen symptoms of ammonium toxicity were apparent in plants
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exposed to 100% ammonium-N: wilting, diminished shoot growth, and brown,
diminished roots. Both cultivars exhibited these symptoms.

In comparing the growth of the two cultivars, Red Deer Tongue and Two Star,
note that Two Star, a modern hybrid, has a larger growth habit and higher yield
weight than Red Deer Tongue when grown under favorable conditions.

In Experiment 1, in which the hydroponic solutions were not buffered
against pH decline, nitrogen treatment significantly affected the yields; also, the
cultivars differed from each other in response to nitrogen treatment. Two Star had
significantly higher fresh weights in the 100% NO,-N and 6% NH4*-N treatments
than did Red Deer Tongue. For all higher ammonium-N treatments, however, the
two cultivars did not differ significantly in fresh weight. Overall, fresh weights
declined as ammonium supply increased, with lowest fresh weight recorded for
both cultivars under 100% NH4*-N. Two Star had highest yields if nitrate-N was the
sole nitrogen source, whereas Red Deer Tongue had highest fresh weight at the 25%
NH4* -N treatment.

Also noteworthy, at the 75% ammonium-N treatment level, co-provision of
the two nitrogen forms markedly improved plant growth over values in the 100%
ammonium-N treatment. Shoot fresh weight increased by 244% for Two Star and
65% for Red Deer Tongue. In response to nitrogen treatments, root fresh weights
closely mirrored the trend of shoot fresh weights shown by each cultivar.

In Experiment 2, buffer supplied as calcium carbonate removed the effect of
disorders in pH regulation under ammonium nutrition and allowed observation of

how other factors of ammonium toxicity affect plant growth. In this experiment,
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there was no interaction of cultivar and nitrogen treatment, unlike Experiment 1
with no buffering. Instead, we saw that for all treatments, Two Star had higher
shoot fresh weights than Red Deer Tongue. Thus, stabilizing pH at levels at or above
pH 5 benefitted plant growth under ammonium nutrition. In Experiment 1, with no
buffering, co-provision of nitrate and ammonium produced highest yields for Red
Deer Tongue, but not Two Star. In Experiment 2, with buffering, both cultivars
produced highest yields under co-provision, at the 25 and 50% NH4* -N treatments
for Red Deer Tongue and Two Star, respectively. Our results show that if
acidification of the solution is stabilized above pH 5, Two Star benefits from
ammonium nutrition. However, if no buffering is provided, Two Star yields best
with nitrate as the sole N source. Red Deer Tongue produced best yields under co-
provision, at the 25% NH4* -N treatment level, whether buffering was supplied or
not. From these results, Red Deer Tongue tolerates acidification of the growth
medium under ammonium nutrition better than Two Star does.

While buffering in Experiment 2 relieved the effects of ammonium toxicity,
the relief was partial. In treatments containing more than 25% ammonium-N, shoot
fresh weight declined with each increase of ammonium in the solution. In these
treatments, there was a negative change in pH at harvest from the pH of the starting
solutions, which is in contrast to all treatments containing 25% NH4*-N or less,
which all experienced positive changes in pH. When ammonium was supplied as the
sole nitrogen source, shoot fresh weight declined by 40% as compared to the mean
shoot weight in the 75% NH4* -N treatment, a much larger drop than between any

other two treatments.
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Use of calcium carbonate in Experiment 2 may have had unintended effects
on plant growth other than its intended one as a buffer against pH change. Roosta
and Schjoerring (2008) showed that calcium carbonate improved ammonium
assimilation in roots of cucumber plants by providing a non-photosynthetic source
of carbon skeletons (Roosta & Schjoerring, 2008). In their experiment, Roosta and
Schjoerring (2008) found that cucumber plants benefitted from the inorganic
carbon supply through a reaction catalyzed by PEP carboxylase in the roots.
Assimilation of NH4* in the roots as opposed to shoots is of vital importance for
plants. If free ammonium reaches the shoots, photosynthesis may be impaired,
thereby limiting carbon fixation.

In Experiment 3, buffer and nitrogen treatments interacted significantly to
affect shoot fresh weight; however the cultivars were not significantly different.
From the 100% NO; -N treatment through the 25% NH4* -N treatment, shoot fresh
weights of plants in buffered treatments were statistically similar to those that were
in unbuffered treatments. However, co-provision did benefit yield in buffered
treatments, although it did not when no buffering was provided. Highest yield in
buffered plants occurred at the 6% NHs* -N treatment level (204 g/plant), whereas
for unbuffered treatments highest yield occurred under 100% nitrate-N nutrition
(210 g/plant). Otherwise, either buffered or unbuffered treatments showed similar
declines in shoot fresh weight as ammonium supply increased.

At higher ammonium-N treatment levels, shoot fresh weights declined
drastically in the unbuffered treatments, whereas those in the buffered treatments

declined, but much less severely. At the 50% NH4* -N treatment level, shoot fresh
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weight of buffered plants remained vigorous, even though reduced compared to
growth with lesser concentrations of ammonium. Between the highest yielding
plants in the buffered treatment and the plants at the 50% NH4* -N treatment level,
shoot fresh weight declined by only 8%. In comparison, in the unbuffered
treatments, shoot fresh weights at the 50% NH4* -N treatment level were 60% lower
than those of the highest yielding, unbuffered plants. If ammonium-N increased to
above 50% of the nitrogen supply, all plants, buffered or not, declined in size,
although the plants in the buffered treatments had significantly better yields than
their counterparts that were not buffered. From highest yielding plants to lowest
yielding plants, which occurred under 100% ammonium-N supply, declines in shoot
fresh weight for buffered and unbuffered treatments were 46 and 91%, respectively.
Thus, while co-provision of nitrate and control of acidity confer significant benefits
to plant growth, ammonium toxicity symptoms gradually dominate as ammonium
supply increases.

Another noteworthy result in Experiment 3, when treatments were not
buffered, Red Deer Tongue had highest yield in the 100% nitrate-N treatment. In
both previous experiments, Red Deer Tongue produced highest yields under co-
provision of nitrogen forms.

Typically, Two Star had highest yields when supplied with 100% nitrate-N
nutrition. An exception was in Experiment 2. All hydroponic solutions were
buffered in Experiment 2 and Two Star had highest yields in the 50% NH4* -N
treatment. This result was not repeated in the buffered treatments in Experiment 3,

however, at which the highest yields were with sole nitrate-N nutrition.
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In summary, in terms of plant yield, the cultivars responded differently to the
nitrogen treatments if there was no buffering, and had similar responses to nitrogen
treatments if solutions were buffered. Two Star showed more susceptibility to
ammonium toxicity effects if the medium was not buffered than did Red Deer
Tongue, suggesting solution acidification inhibited growth more for Two Star. Of
the two cultivars, if the medium was buffered Two Star maintained larger yields
across most of the nitrogen treatments. Neither cultivar produced good yields when
ammonium dominated the N supply, having poor yield in any treatment with
greater than 50% ammonium-N. Finally, both cultivars showed high sensitivity to
ammonium, with growth severely impaired, in the 100% NH4* -N treatment,
whether the medium was buffered or not.

If the cultivars differed in root:shoot ratio, Red Deer Tongue had the higher
ratio than Two Star. In Experiment 3, Red Deer Tongue had a mean root:shoot dry
weight of 0.20, whereas Two Star had a ratio of 0.16. For both cultivars, the
root:shoot ratio declined with increasing supply of ammonium, whether the
hydroponic solution was buffered or not. Roosta and Schjoerring (2007) describe
this trend in their experiment with cucumber and suggested that it reflects the
competition for carbohydrates that occurs in the root. Carbohydrates are required
for ammonium assimilation and for growth. Roosta and Schjoerring (2007)
suggested that the less severe decline in root:shoot ratio shown by plants provided
with calcium carbonate is due to enhanced availability of inorganic carbon derived

from this source (Roosta & Schjoerring, 2007).
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Similarly, in our experiments, plants with buffered treatments had higher
root-to-shoot ratios than those with unbuffered treatments. Nitrogen treatment did
not significantly affect root-to-shoot dry weight ratio in Experiment 3. Although
plant growth was reduced for roots or shoots as ammonium supply increased, the
root-to-shoot ratio remained equivalent. Nitrogen treatment did affect root-to-
shoot ratios in Experiments 1 and 2, however. In these experiments, the root-to-
shoot ratio declined with increasing ammonium supply.

While ammonium toxicity has been a topic of study since at least the 1950s
and there is an abundance of literature on the subject, the causes of the syndrome
remain a matter of debate. Researchers are still actively pursuing answers to this
question. In seeking explanations for the pattern of growth across the range of
nitrogen treatments used in our experiments, we sought answers from the available
literature. Several interesting possibilities presented themselves. A digression to
consider some of these factors below serves to enhance understanding of the many
complicated processes related to nitrogen nutrition in plants.

In order to consider the effect of nitrogen treatment on plant growth, it is
necessary to realize that there are three distinct conditions covered by the seven
nitrogen treatments we used. In one treatment, ammonium-N is the sole nitrogen
source. At the other extreme, nitrate-N is the sole nitrogen source. The other five
treatments are examples of co-provision of these two nitrogen forms, at different
ratios. From a physiological and metabolic perspective, ammonium and nitrate
behave quite differently in the plant. When provided together there are coincident

effects not seen when either N form is provided alone.
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Ammonium-assimilation, whether the ammonium is derived from the
external solution or from nitrate reduction or from degradation of nitrogenous
compounds in the cell, requires 2-oxoglutarate derived from respiratory processes
to form glutamine and other amino acids. 2-oxoglutarate is an intermediate in the
tricarboxylic acid (TCA) cycle (Escobar et al., 2006). A consequence of nitrogen
assimilation is increased demand on respiratory activity, both as a source of 2-
oxoglutarate and as a source of energy and reductant for assimilation processes.
The TCA is central to the interacting processes of nitrogen assimilation, respiration
and photorespiration (Foyer & Zhang, 2011). Maintaining the cellular energy
balance and intracellular redox status is fundamentally important during the
coordination of these different processes (Foyer & Zhang, 2011). Either nitrate or
ammonium addition to a plant cell induces changes in enzyme activity related to
respiration and the production of 2-oxoglutarate for ammonium assimilation
through the GS/GOGAT pathway (Escobar et al., 2006).

Although production of 2-oxoglutarate is necessary for assimilation of
ammonium and nitrate, its abundance is especially important for ammonium
assimilation, since ammonium cannot be stored in inorganic form without harming
the plant (Escobar et al., 2006). This requirement is a fundamental difference
between assimilation of the two forms. Nitrate is frequently stored in inorganic
form and, in fact, has functions as an osmoticum.

It has been widely accepted that there is a tight connection between
respiration, nitrogen and carbon metabolism and that these factors influence plant

growth (Foyer & Zhang, 2011). Amino acid synthesis requires the simultaneous
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metabolic action of nitrogen assimilation and carbon oxidation. Many studies have
observed how different processes of respiration, photorespiration, photosynthesis
and nitrogen metabolism affect each other, supplying necessary intermediates,
maintaining necessary redox status and cellular energy balance (Foyer & Zhang,
2011). Through studies involving genetic manipulations, -omics studies (e.g.
transcriptomics, proteomics, etc.) and classical biochemistry and physiology, some
researchers aim to increase nitrogen use efficiency through enhancing elements of
the respiratory, nitrogen and carbon metabolism interactions that improve growth.
Increased nitrogen use efficiency could help alleviate problems associated with
excessive nitrogen fertilization in agriculture and may also be important as
atmospheric CO2 concentrations rise.

Plant metabolic responses to nitrogen source are very complex and remain
the subject of intense inquiry. Researchers have revealed details but not complete
answers to explain the many differences in gene expression that have been
observed between ammonium-fed and nitrate-fed plants.

An important difference that has been the focus of research involves the
flexibility of mitochondrial function in photosynthetic and non-photosynthetic (e.g.
root) cells (Foyer & Zhang, 2011). In non-photosynthetic cells, mitochondria are
essential in providing energy for the cell, including that required for nitrogen
assimilation. In photosynthetic cells, mitochondria respond to light through redox
signals from the chloroplast and play a role in optimizing photosynthetic
metabolism (van Lis & Atteia, 2004). Oxidative phosphorylation in the

mitochondria contributes to cellular energy requirements and also has a role in

125



regulating redox status, of vital importance to the mitochondrion and chloroplast
(van Lis & Atteia, 2004). In the light, mitochondria have increased requirements for
ATP and NADH reoxidation. Atthe same time sucrose production, photorespiration
and tricarboxylic acid cycle production of a-ketoglutarate are necessary for nitrogen
assimilation (Escobar et al., 2006). Increases in electron flux through the electron
transport chain require protections against reactive oxygen species production.
Alternative oxidases and Type Il NAD(P)H dehydrogenases are required for this
role. Despite the reduction in ATP production that is incurred, mitochondrial
alternative electron transport assists in reoxidizing surplus NADH. Escobar et al.
(2006) suggest that even though energy requirements are high in the light, the
mitochondrial alternative electron transport pathway is required to prevent
overreduction of the electron transport chain components so that photorespiration
can be maintained. The importance of photorespiration relates to protection of the
photosynthetic apparatus under conditions of high light (Guo et al., 2007) and also
increasing rates of foliar nitrate assimilation (Gandin et al,, 2014). Reduced export
of NADH from the chloroplast negatively affects nitrate assimilation. Increased
carboxylation rates indicate that photorespiration is inhibited in ammonium-
supplied plants. Mitochondria have these functions in addition to providing carbon
skeletons for nitrogen assimilation.

Nitrogen supply and form affects both photosynthesis and respiration
(Gandin et al., 2014). Cytosolic NADH is required for reduction of nitrate to nitrite.
Photorespiration results in high concentrations of NADH and thus is suggested to

increase rates of nitrate assimilation (Gandin et al., 2014).
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Among its other roles, the oxidative pentose phosphate pathway plays an
important role in nitrogen assimilation in non-photosynthetic tissues (Foyer &
Zhang, 2011). Whereas in green tissues, reductant required for nitrogen
assimilation is provided by photosynthesis, in non-photosynthetic tissues the
oxidative pentose phosphate pathway assumes this role (Foyer & Zhang, 2011),
however the OPPP has limited capacity to accomplish nitrogen assimilation. Foyer
et al. (2011) propose that increasing the capacity of the OPPP could improve
nitrogen use efficiency in plants.

The mitochondrial electron transport chain normally functions through the
cytochrome pathway, but has flexibility and can operate through a pathway
employing type Il NAD(P)H dehydrogenases, alternative oxidases and uncoupling
proteins (Foyer & Zhang, 2011), collectively known as mitochondrial alternative
electron transport. This flexibility means plants have a defense mechanism to adjust
to metabolic fluctuations. Considering the very different metabolic requirements of
primary nitrate and ammonium assimilation, it is not surprising to find the
mitochondrial electron transport chain functions differently depending on the
nitrogen form supplied. Changes in leaf NADH status influence nitrate assimilation
and affect the carbon/nitrogen metabolism balance (Ditilleul et al., 2005).

Synthesis of 2-oxoglutarate requires the action of NAD*-reducing enzymes.
Escobar et al. (2006) suggest that the bypass pathways, which reduce the ATP
products of oxidative phosphorylation, serve to increase the availability of NAD* for

production of 2-oxoglutarate. The two nitrogen forms’ contrasting effects on
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respiratory processes illustrate only one of the many ways that nitrogen form
affects plant metabolism and growth.

Nitrate has very specific effects on respiration that differ from those of
ammonium. Nitrate down-regulates expression of genes involved in respiratory
bypass processes and increases or up-regulates expression of genes that generate
reducing equivalents essential to the nitrate assimilation process (Escobar et al.,
2006). The energetic cost of reducing nitrate to ammonium represents 12-26% of
the reductant generated during photosynthesis: one NADPH and six reduced
ferredoxins are required for each molecule of assimilated nitrate (Patterson et al.,
2010). This substantial energy requirement represents a fundamental difference
between nitrate and ammonium assimilation. Of the 335 genes that were
specifically induced by nitrate in the study by Patterson et al. (2010), the larger
proportion was dedicated to reductant generation and distribution. Since nitrate
down-regulates genes or, in other words, reduces the cellular components that
contribute to the enzymes of the bypass pathways in the mitochondrial electron
transport chain, Patterson et al. (2010) suggested that the mitochondria play a role
in supplying the NADH required for nitrate reduction in the cytosol. Atthe same
time, production of H202 declines compared to H202 concentrations in the cell in the
absence of nitrate supply. As explanation, the authors suggest that the reduced flow
of reductant to the electron transport chain accounts for the decline in reactive
oxygen species, since normally the electron transport chain is a primary site of H20>
production (Patterson et al,, 2010). In nitrate-fed plants, the respiratory rate is

reduced compared to rates under ammonium supply (Escobar et al., 2006). After
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nitrate is reduced to nitrite in the cytosol, nitrite is imported to the plastid where
nitrite reductase completes the reduction process to produce ammonium. This step
requires six reduced ferredoxin, which are supplied via the oxidative pentose
phosphate pathway and ferredoxin:NADPH reductase. Nitrate supply increases the
production of reductant from both these processes at a substantial energetic cost to
the plant (Patterson et al., 2010).

Gene expression in relation to respiration, photosynthesis and nitrogen
metabolism differs under ammonium nutrition compared to nitrate nutrition in
significant ways.

Contrasting effects upon respiration are significant if plants are ammonium-
fed. Under ammonium nutrition, roots and whole plants have increased oxygen
uptake rates compared to under nitrate nutrition (Hachiya et al., 2010), however
this increase occurs only after tissue nitrate levels are substantially reduced
(Escobar etal., 2006). Hachiya et al. (2010) suggest that, due to the connection with
low nitrate levels, increased rates of respiration relate to a decreased requirement
for reductant. In their work, Hachiya et al. (2010) addressed the question of the
causes of respiratory increase under ammonium nutrition by focusing on
components of the electron transport pathway. They asked which of two pathways,
the cytochrome pathway or the alternative oxidase pathway, was associated with
increased Oz uptake rate. They found that respiratory increases were independent
of the alternative oxidase pathway, and thus unconnected to reductions in ATP
production that result from the AOX pathway. Additionally, induction of the

cytochrome pathway, the classic pathway of respiration, under ammonium nutrition
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was sufficient to accommodate the increase in total Oz uptake rate (Hachiya et al,,
2010). While the alternative oxidase pathway was observed to function under
ammonium nutrition, this pathway was only induced subsequent to nitrate
depletion (Hachiya et al,, 2010). Mitochondrial alternative electron transport has
been proposed to dissipate excess reductant (Gandin et al.,, 2014). In the absence of
nitrate, requirements for reductant are considerably reduced. Escobar etal. (2006)
showed that ammonium itself did not induce the AOX pathway and Castaings et al.
(2009) showed that absence of a transcription factor involved in nitrate signaling
resulted in increased expression of AOX genes (Castaings et al., 2009). Thus, nitrate
suppresses the AOX pathway as opposed to ammonium inducing it. The alternative
pathways of the mitochondrial electron transport chain have a clear role in
maintaining intracellular redox gradients (Foyer & Zhang, 2011). In the absence of
nitrate, increased oxidation of NADH enhances flux through the TCA cycle, which is
crucial in supplying 2-0G for amino acid synthesis, an immediate need when
ammonium is present.

Whether NADH is oxidized through Type Il NAD(P)H dehydrogenases or
through Complex I of the mitochondrial electron transport chain has been found to
affect carbon/nitrogen interactions (Foyer & Zhang, 2011). Use of mutants deficient
in Complex I employed Type Il NAD(P)H dehydrogenases, resulting in lower
phosphorylation efficiency, suppressed growth and altered photosynthetic function.

Ammonium-supply induces plant defense and biotic stress responses
(Patterson et al,, 2010). This response includes a reduction or down-regulation of

genes involved in cell-wall loosening (Patterson et al., 2010). Cell wall loosening has
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been shown to increase pathogen susceptibility in plants. Why this response is
induced by ammonium-supply has not been ascertained, however it represents an
energetic drain that could have repercussions for growth.

Nitrate affects growth through the plant sensing of nitrate availability and
through nitrate itself as a signal molecule. Scheible et al. (2004) revealed the
complexity and breadth of these effects. Nitrate supply affects growth initially
through inducing expression of genes involved in its own uptake and reduction
(Scheible et al., 2004).

A great many genes that are nitrate-specific and vital to growth are induced
in the presence of nitrate (Patterson et al.,, 2010). Over 100 genes involved in RNA
and protein synthesis, especially for proteins involved in chlorophyll synthesis and
proteins integral to respiration are induced by nitrate. Cell-wall modifying enzymes
in the expansin family are induced, as well as genes for numerous cell wall proteins.
These are all adaptations that prepare plants for growth and nitrogen assimilation.

In the presence of nitrate, expression of genes involved in secondary
metabolism is reduced, thereby directing available carbon to primary metabolism
pathways instead (Patterson et al,, 2010).

An additional essential effect of organic acid production induced by nitrate is
increased malate production. Malate provides a counter anion that balances
cytosolic pH as nitrate is assimilated, a process that occurs in the shoot in most
plants (Scheible et al., 2004).

Nitrate also acts as a signal for hormonal changes in the plant; no other

nutrients have been found to induce enzymes that synthesize hormones
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(Marschner, 2012; Takei, Takahashi, Sugiyama, Yamaya, & Sakakibara, 2002). Even
at very low (100 uM) supply, nitrate can stimulate synthesis of active cytokinin
forms (Marschner, 2012) zeatin (Z) and zeatin riboside (ZR). Nitrate also enhances
indoleacetic acid (auxin) content, while reducing abscissic acid production
(Marschner, 2012) and genes involved in ethylene synthesis (Scheible et al., 2004).
Abscissic acid is a known inhibitor of leaf growth rate (Rahayu et al.,, 2005). These
are important effects of nitrate that may partly explain the stimulatory effect on
plant growth if nitrate is provided in conjunction with ammonium.

Takei et al. (2002), using maize plants, revealed evidence of a signal
transduction pathway involving cytokinin (CK) signaling. Their research pointed to
a likely translocation of CKs from root to shoot that was nitrogen-dependent. They
did not conclude definitively that this response was nitrate-specific and instead left
the possibility open that the translocation of CKs was more broadly responsive to
either ammonium or nitrate.

Rahayu et al. (2005) established a consistent correlation between increases
in leaf growth rates and concentration of active cytokinins in the xylem exudate and
leaves. Previous reports had observed a similar correlation between increased
cytokinin levels and nitrate supply in cotton, stinging nettle, barley, tomato, and
tobacco. Rahayu et al. (2005) demonstrated that cytokinin, exogenously applied to
shoots, would simulate the nitrate-induced increase in leaf growth rate.

There are evolutionary advantages for stimulation of leaf growth under
nitrate supply compared to ammonium supply, since due to the greater mobility of

nitrate in the soil medium, plant detection of nitrate could be indicative of nitrogen
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availability in the greater soil volume, whereas detection of ammonium, with its
limited mobility, would not indicate a reliable nitrogen supply requiring induction of
the cellular machinery for growth (Rahayu et al., 2005). The evidence provided in
this paper points to a signaling cascade, initiated in the roots by provision of nitrate,
followed by elevation of active cytokinin levels, their translocation to the shoot, and
finally, increased leaf growth rates. This is an important difference between
nitrogen forms: nitrate induces hormones that initiate plant growth whereas
ammonium does not.

Sakakibara et al. (2006) identified the gene IPT3 as responsible for nitrate-
dependent CK biosynthesis and demonstrated that induction of IPT3, was nitrate-
specific (Sakakibara, Takei, & Hirose, 2006). The component that elicited the active
form was expressed in the roots, which confirmed the role of cytokinin as a long-
distance communicator of nitrogen status from the root to the shoot (Sakakibara et
al,, 2006).

Nitrate-specific responses that affect growth include up-regulated expression
of genes involved in nitrate assimilation, as well as genes involved in production of
organic acids required for formation of glutamine, glutamate, asparagine, and
aspartate, which are the early nitrogen acceptors in nitrogen assimilatory pathways.
Cytokinin-specific responses that affect growth include regulation of cell division
and cell expansion, among others (Sakakibara et al., 2006). Cytokinin is the agent
that directs growth, not nitrate, and it is possible that cytokinin is a key regulator of
macronutrient acquisition, acting as a messenger communicating the adequacy of

nitrogen supply and initiating responses for uptake of other nutrients (Sakakibara
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et al, 2006). Absent nitrate in the medium, with only ammonium present, these
responses would be compromised. Nitrate and cytokinin also have regulatory
effects on photosynthetic capacity, though the precise mechanisms are not yet
elucidated (Sakakibara et al., 2006). These effects of nitrate on growth may explain
the positive effects that are immediately apparent when nitrate is present in a
medium dominated by ammonium and which we saw in our experiments.

Nearly the diametric opposite to the predominantly positive effects of nitrate
on growth, ammonium, when provided as the sole nitrogen source, negatively
affects growth in most plant species. However, there are some advantages to
ammonium nutrition over nitrate nutrition.

Both nitrogen forms, nitrate and ammonium, fundamentally change carbon
metabolism, redirecting organic acid synthesis to provide 2-oxoglutarate needed as
carbon skeletons to accept nitrogen when ammonium is assimilated into organic
compounds (Escobar et al., 2006).

In Experiment 2 with buffered solutions, best plant yields occurred under co-
provision of ammonium and nitrate, at the 25% NH4* -N level. These improved
yields demonstrate that ammonium does have advantages for plant growth and
shows that plant performance can be improved if the two N forms are provided
together.

Bloom et al. (1992) showed that nitrate nutrition could be more growth-
limiting to plants than ammonium nutrition due to the difference in respiratory
costs of absorption and assimilation. Ammonium absorption and assimilation

accounted for 14% of total carbon catabolism, whereas nitrate accounted for 23%.
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Thus, assimilation of nitrate involves more energetic costs than assimilation of
ammonium. For these reasons, co-provision of nitrogen forms can result in a more
vigorous plant. In Experiment 2 with buffering, for example, both cultivars grown at
a 50:50 ammonium-N:nitrate-N ratio had higher shoot fresh weights than solely
nitrate-fed plants.

However, ammonium provided as the sole form of nitrogen is detrimental
for most plants. Photophosphorylation is disrupted under ammonium nutrition
(Krogmann et al.,, 1959). Plants supplied with a 0.6 mM NH4* concentration (much
lower than the 15 mM concentration when NH4* was the sole nitrogen form in our
experiment), showed severe effects on photophosphorylation in spinach
chloroplasts. Ammonium inhibited ATP formation by 50% compared to levels
under nitrate nutrition. Such a reduction in energy supply has negative implications
for carbon fixation within the chloroplast. Impairment of chloroplast function might
be part of the explanation for some symptoms of ammonium toxicity, such as
growth reduction and chlorosis. They found additionally that, after only 2 days of
ammonium treatment, Oz evolution was 30% of what occurred under nitrate
nutrition. Oz evolution continued to decline over time, approaching the
compensation point. The compensation point represents a situation in which O
evolved from photosynthesis is equal to that used in respiration, leaving no
additional energy for growth processes (Puritch & Barker, 1967). Furthermore,
chlorophyll content declined precipitously under ammonium nutrition, and reached
levels of only 10% the content seen under nitrate (Puritch & Barker, 1967). Without

ATP generation, energy would be insufficient to produce the carbon backbones
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required for amino acid synthesis and, consequently, protein synthesis would
decline. The adverse effects on photosynthesis exerted by ammonium nutrition are
countered by nitrate, which has the effect of increasing chloroplast content (Puritch
& Barker, 1967).

After determining that some usual ammonium-associated limitations on
growth (i.e. neither carbohydrate availability, nor insufficient osmotica, nor water
supply) were growth limiting in their study of effect of nitrogen form on tobacco,
Walch-Liu et al. (2000) focused on effects of ammonium on cytokinin. Xylem
exudate concentrations of zeatin (Z) and zeatin riboside (ZR), the active cytokinin
forms that promote leaf growth, were reduced by 70% within 24 hours when plants
were switched to ammonium as the sole nitrogen source. After several days, Z and
ZR levels in the xylem were nearly undetectable. Consequently, causes of growth
reduction were due to decreases in both cell number and cell size. They suggested
that cation deficiencies, an often observed condition under ammonium nutrition,
could not be involved in the rapid growth inhibition they had seen since deficiencies
in mineral uptake due to ammonium supply would not be a factor in the 24 h time
frame in which growth limitation became apparent in their experiments. Walch-Liu
et al. (2000) asserted that growth inhibition under ammonium nutrition was not a
consequence of ammonium toxicity. Rather, the absence of nitrate resulted in the
absence of the cytokinin root-to-shoot signal essential to cell expansion and
division.

While absence of the root-to-shoot signal from cytokinin may explain the

severe growth inhibition that we saw in our experiments if ammonium was the sole
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nitrogen source, that explanation would not apply to the five treatments
representing co-provision of the two nitrogen forms. Cytokinin signaling occurs
even when NO; is supplied at low concentration.

Ammonium toxicity, in the strictest sense, refers to a condition in which a
plant suffers adverse effects when ammonium constitutes the sole source of
nitrogen nutrition. The mechanisms of ammonium toxicity are complex and, even
after decades of study, remain a topic of intense investigation. Prominent among
the symptoms is the suppression of plant growth (Hachiya et al., 2012). Plant
species respond differently to ammonium as the sole nitrogen source; some are
tolerant, whereas others are not. Tolerant species tend to be ones that naturally
occur in wet soil environments where ammonium is the predominant nitrogen form.
Species considered tolerant include members of the Ericaceae and, famously, paddy-
grown rice. Lettuce is known as an ammonium-sensitive species (Cruz et al., 2006).

Although the causes of toxicity have not been resolved, there are several lines
of inquiry, one of which concerns location of ammonium assimilation. Unlike
nitrate, which can accumulate to large concentrations in plant tissues without
adverse effect, ammonium is toxic when it accumulates in plant tissues (Lasa et al.,
2001). Usually, ammonium is assimilated in the roots. If ammonium is assimilated
in the roots, intracellular cation-anion equilibrium can be restored by efflux of
protons to the external medium; assimilation in the shoot provides no such
opportunity, so restoration of the ionic balance results in acidification of the

apoplast. Whether or not this action is significant, it is widely held that shoot
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ammonium accumulation is a critical aspect of the development of toxicity
symptoms (Barker, 1999; Britto & Kronzucker, 2002; Li et al., 2013).

Recently, Coskun et al. (2013) presented another possible cause of
ammonium toxicity. Due to the pKa of NH4* (9.25), the ammonia gas form would not
be present in high concentrations in the external medium. Despite low ammonia
concentrations, ammonia may be a factor in ammonium toxicity. Aquaporins
conduct water into the plant at rapid rates and are also known to transport
uncharged NHs. Coskun et al. (2013) show that uncharged ammonia gas,
transported rapidly and without energy expenditure through aquaporins,
constitutes the major nitrogen species to enter the plant under situations of high
ammonium concentrations in the external medium, such as the 10 mM NH4* supply
used in their experiment. Due to the high NH3 fluxes through aquaporins, NH3
transport into the cell can be the dominant N form entering the cell even when its
concentration relative to NH4* is low. In our experiments, nitrogen was supplied at
a 15 mM concentration so, in the 50% NH4* -N treatment, ammonium-N had a 7.5
mM concentration in the hydroponic medium.

The possibility that NHz is the chemical species crossing the plasma
membrane in greater quantity than NH4* has significant implications for the plant
(Coskun et al.,, 2013). Unlike with NH4*, NH3 uptake does not consume energy in
crossing the cell membrane. The authors show that the consequences of ammonia
gas cycling would be damaging for reasons other than energy limitations, which

might occur if NHs*-N were the N species transported across the membrane.
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Ammonia gas, travelling via aquaporins through both major membranes of
the cell, the plasmalemma and the tonoplast, would achieve thermodynamic
equilibrium between the compartments, the vacuole, cytosol, and apoplast (Coskun
etal.,, 2013). However, import of NH3z into the vacuole would have severe
consequences for the plant. Once inside the acidic vacuole, dissolved ammonia gas
would acquire a hydrogen ion, transforming into its conjugate acid, the positively-
charged ammonium molecule. To restore the transmembrane equilibrium, another
molecule of NH3 would cross the tonoplast into the vacuole. This process would
repeat itself ad infinitum resulting in the hyperaccumulation of NH4* in the vacuole,
eventually exhausting the proton supply. Rates of water transport through
aquaporins exceed the fastest fluxes of typical mineral ions by orders of magnitude,
so the effects would accumulate significantly and quickly. Eventually, vacuolar acid
trapping would cause elevated NH4* concentrations in the vacuole. The authors
suggest that this condition may effectively suppress the vacuolar concentrations of
other cationic nutrients, K*, Ca?* and Mg?. Many researchers have postulated that
low concentrations of these nutrients are the ultimate cause of ammonium toxicity
(Barker et al., 1967; Kronzucker et al., 2003; Van Beusichem et al., 1988).

Potassium shares physical similarities with the ammonium molecule and,
interestingly, high potassium concentrations supplied to plants can alleviate
symptoms of ammonium toxicity (Barker et al., 1967). How potassium eases
ammonium toxicity symptoms is not yet completely understood. One of the
principal roles of K* in plants involves maintenance of turgor and osmotic balance.

Coskun et al. (2013) suggest that the presence of K* at high concentrations may
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influence aquaporin activity, in ways not yet identified, effectively reducing rates of
NH3 influx.

As mentioned earlier, in the discussion of nitrate effects on growth,
ammonium nutrition affects respiration by inducing the alternative pathway
complexes in the mitochondrial electron transport chain causing a reduction in
oxidative phosphorylation and increasing the availability of the reducing equivalent,
NADH (Escobar et al,, 2006). The increase in activity of alternative pathways
accompanies an increased respiration rate. The authors predict that the increased
availability of NADH is used in the production of 2-oxoglutarate, an essential
component of the GS/GOGAT pathway of ammonium assimilation. Ammonium must
be assimilated rapidly due to its toxic effects on cell function and 2-oxoglutarate
plays a vital role (Hodges, 2002). Hodges (2002) suggests that 2-oxoglutarate may
act as a signal coordinating carbon and nitrogen metabolism. Coordination of
carbon and nitrogen metabolism is essential for growth. Activation of alternative
pathways in the mitochondrial electron transport chain would reduce ATP
production. Loss of available energy would impact growth. Another possibility is
that ammonium-sensitive plants lack a gene for phosphoenolpyruvate carboxylase
(PEP-C) that has been found expressed in rice leaf chloroplasts and which, when
knocked out in those species, resulted in reduced growth in the vegetative stage,
especially when ammonium was the nitrogen source as compared to nitrate
(Masumoto et al.,, 2010).

A significant symptom of ammonium toxicity is severely stunted root growth,

a response visible for both lettuce cultivars in our experiment. Red Deer Tongue
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and Two Star showed declining root weights as ammonium concentration in
nitrogen treatments increased. Roots became discolored. While the effects were
lessened when the hydroponic solutions were buffered, roots progressively declined
in weight as ammonium-N concentrations increased above 50% NH4* -N. There are
possible explanations in the literature for the adverse effects of ammonium on root
growth.

Lietal. (2010), working with arabidopsis, looked at how root-supplied
ammonium affects primary root growth (Li et al.,, 2010). They revealed that contact
with the growing tip is crucial to growth inhibition and growth is curtailed less due
to effects on cell division and more to effects on cell elongation in the elongation
zone. Pattern organization in the distal root meristematic region is altered under
high ammonium concentration. There were distinct responses if the root tip was
exposed to NH4* compared to if it was not. If the root tip was not exposed to
ammonium-N, then NH4* influx occurred continuously in the elongation zone.
However, after exposure of the entire root to NH4* for a 24 h period, NH4* influx in
the elongation zone was replaced by NHs* efflux. Ammonium efflux had previously
been correlated with ammonium toxicity effects by several researchers (Britto et al.,
2001; Szczerba et al,, 2008). They concluded that root tip exposure to NH4* was an
essential condition of ammonium toxicity. Ammonium-tolerant plants display
reduced efflux across membranes in both the root and the shoot under conditions of
highly concentrated ammonium supply. Li et al. (2010) found that neither ethylene
nor auxin was involved in the inhibition of primary root growth. They also showed

that a hypersensitive NH4* mutant, deficient in GMPase, an enzyme critical to correct
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protein function, had exaggerated NH4* efflux and inhibition of root growth. This
work elaborated on previous observations that GMPase activity correlates with
ammonium sensitivity in arabidopsis roots.

In a later experiment, Li et al. (2013) looked at the effects of ammonium in
the shoot (Li et al., 2013). This research provided additional information about
inhibition of root growth. Inhibition of lateral root growth depended on ethylene
evolution in the shoots. Studies of root-supplied ammonium had effectively shown
that hormonal activity was not a factor in primary root growth inhibition (Li et al,,
2010). However, in the case of lateral root inhibition, evidence points to production
of ethylene in the shoot, resulting from shoot-supplied ammonium, as a pivotal
development. In our experiments, we visually noted a change in root structure of
plants in concentrated ammonium solutions, however we did not measure this
change.

Accumulation of ammonium in the shoot has been considered one of the
formative conditions for ammonium toxicity. Barker (1999) has shown that
ethylene production increases as ammonium accumulates in the shoot. In other
work, it was shown that inhibition of ethylene production relieved ammonium
toxicity symptoms (Barker & Corey, 1991; Feng & Barker, 1992; You & Barker,
2005). Lietal. (2013) showed that use of ethylene inhibitors increased lateral root
numbers. Vice versa, shoot-supplied ammonium inhibition of lateral root
development requires ethylene evolution. Although we did not measure ethylene in
our plants, evidence from the literature points to its presence as a likely cause of the

root growth inhibition that occurred in our experiments, especially when observed
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in buffered treatments. In unbuffered treatments, root damage from acidic
conditions may also inhibit proper function and growth.

Lietal. (2013) clearly demonstrated a role for ethylene in lateral root
inhibition under ammonium toxicity conditions. Further explanation of this role
involves auxin. Auxin is a known regulator of lateral root formation. Auxin travels
rootward from the shoot via an auxin influx carrier, dependent on expression of the
AUX1 gene. AUX1 function depends on ethylene. Li et al. (2013) showed that this
effect is location-dependent, with root-supplied ammonium actually increasing
lateral root formation. Thus, when root inhibition symptoms occurred in our
experiment, it is likely that ammonium transport to the shoot had already occurred.

Nitrate is known to alleviate ammonium toxicity, but the mechanisms
responsible for this effect are still unknown. Several lines of thought have emerged.
Hachiya et al. (2012) examined some of the metabolic disturbances that have been
observed under conditions of ammonium toxicity: ammonium accumulation in the
shoot, depletion of organic acids, and depletion of inorganic cations, Ca?*, Mg2* and
K*. They found that under co-provision of nitrate and ammonium, the above
conditions were not necessarily altered when ammonium toxicity was alleviated,
but that shoot growth correlated significantly with nitrate content in the shoot.
Nitrate induces transcription of genes involved in its own uptake and reduction.
Small amounts of nitrate, along with only minimal activity by nitrate reductase,
correlated with increased shoot growth. They concluded that activity related to
nitrate signaling, uptake or reduction, was integral to relief of ammonium toxicity

for the following reason: nitrate has an alkalinizing effect on the apoplast. In
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conditions in which ammonium is supplied without nitrate, apoplastic acidification
might have dire consequences for the pectic polysaccharide network of the cell wall.
Apoplastic acidification might be relieved by increases in nitrate uptake and
reduction. Nitrate uptake across the plasma membrane is accompanied by co-
transport of protons. Interestingly, acidity, itself, activates nitrate reductase activity
(Hachiya etal,, 2012).

Hachiya et al. (2010) suggest that, since nearly half of ammonium-specific
genes are also genes induced by acidic stress, acidification of the apoplast may be a
significant contributor to ammonium toxicity. Since acidity stimulates nitrate
reductase activity, it may be that nitrate uptake and reduction, acting to elevate the
apoplastic pH, may play a role in nitrate-dependent alleviation of ammonium
toxicity.

Although we have looked at shoot weight as the principal indicator of effect
of nitrogen form on growth, other effects of ammonium that we observed in our
experiments should be noted. Without exception, plants under full ammonium
nutrition exhibited other ammonium toxicity symptoms, for example wilting and
reduced turgor in the shoot. This symptom was most severe under full ammonium
nutrition, but was also apparent under the N treatments in which ammonium
constituted 75% of nitrogen supply. Many researchers have observed that
ammonium-fed plants exhibit lower water consumption than nitrate-fed plants (Guo
et al,, 2007). However, ammonium-fed plants also have higher transpiration rates.
The condition of lower water consumption was accompanied by increased leaf

transpiration rates and roots also exhibited increased water uptake rates if shoots
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were excised, so Guo et al. (2007) concluded that water uptake is restricted in the
root. The cause of reduced water conductivity in roots of ammonium-fed plants
remains speculative with changes in aquaporin density or conductivity a potential
factor.

Effects of nitrogen treatments on root weights showed much the same
pattern as those for shoot growth. Without buffering (Experiment 1), ammonium as
the sole N source was toxic to root growth. A mixed supply of both nitrogen forms
alleviated the toxic effects. Roots of plants in the 100% ammonium-N treatment
were brown and water-soaked and were diminished severely in size relative to
other N treatments. Increases in the ratio of nitrate to ammonium in the medium
lessened toxicity symptoms in roots, with root growth increasing linearly with each
increase of nitrate in the medium. Co-provision of nitrogen forms did not enhance
root growth above what was seen with 100% nitrate-N. Two Star, the typically
larger cultivar, had significantly larger roots than Red Deer Tongue if ammonium-N
was 6% or less of the total nitrogen supply. Thereafter, the two cultivars had
similar root weights, showing that Two Star was relatively more sensitive than Red
Deer Tongue.

Buffering the solution with calcium carbonate lessened but did not eliminate
ammonium toxicity effects on root growth. At 100% ammonium-N nutrition, if the
external medium was unbuffered (Experiment 1), mean root dry weight declined to
14% of the weight of roots under full nitrate nutrition. In unbuffered nutrient
solutions, the 100% nitrate-N treatment had highest root weights. With buffered

solutions (Experiment 2), there was a stimulatory effect of co-provision of nitrogen
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forms. In Experiment 2, highest root weights were obtained in 25% NH4* -N nutrient
solutions. With buffering, roots of plants at the 100% NH4* -N treatment were
36.9% the weight of the heaviest roots grown in the 25% NH4* -N solution.
Buffering the solution alleviated effects of ammonium nutrition on root growth.

Still, although external acidification due to ammonium nutrition was seen to
negatively affect root growth, toxic effects of ammonium are not attributable only to
acidification of the medium by ammonium uptake since root growth was also

suppressed in buffered solutions.

2.4.3 Nutrient Accumulation - Calcium and Potassium

The main focus of our research is concerned with improving calcium and
potassium accumulation in lettuce cultivars by optimizing ammonium:nitrate ratios.
Nitrogen treatments not only affected growth, as described above, but also affected
uptake of these two cations.

Nitrogen dominates all plant ion uptake, amounting to 80% of the total
(Marschner, 2012). Due to this dominance, nitrogen form, either NH4* or NO;’,
greatly influences the overall cation:anion uptake ratio. If plants are supplied with
nitrate as the sole nitrogen source, total uptake of anions exceeds that of cations,
simply because nitrate is negatively charged and dominates all other ion uptake. At
the same time, uptake of Ca?*, Mg?+ and K* exceeds that which occurs under
ammonium nutrition. Plant concentrations of these nutrients are higher in nitrate-
fed plants. Thus, providing nitrate-N as the total N supply seems a likely solution to

satisfying the goal of increasing calcium and potassium concentration. However, we
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saw that co-provision of nitrogen forms provided a synergistic effect on plant yield.
The same may be the case for cation uptake and accumulation.

If positively-charged ammonium is the nitrogen source, essential cations
(and, incidentally, organic acids such as malate) are suppressed in comparison to
concentrations seen under nitrate nutrition. Instead, uptake of essential inorganic
anions, Cl;, SO42-, and phosphate (and incidentally, amino acids) exceeds that seen
under nitrate nutrition, resulting in plants with higher concentrations of these
nutrients. In ammonium-fed plants, the cation:anion uptake ratio rises in spite of
the decline in K*, Ca?* and Mg?* (Marschner, 2012). The high cation:anion ratio under
ammonium nutrition is the diametric opposite to the low cation:anion ratio of
nitrate-fed plants, but both result from the same effect, that of nitrogen as the
dominant nutrient that plants absorb. If ammonium is the sole nitrogen source, its
uptake greatly exceeds that of other mineral nutrients with proportionate effects on
total cation uptake of plants relative to anions; hence, the cation:anion ratio rises
despite the decline in uptake of cations other than ammonium.

A widely held assumption as to the cause of the variation in essential cations
and anions under different nitrogen forms is represented by the classical pH-stat
model (D. T. Britto & Kronzucker, 2005), in which the requirements for pH
homeostasis in the cytosol necessitate balancing through variable uptake of cations
and anions. However, investigators found that the pools of inorganic cations and
anions in the cytosol are not dependent on nitrogen source; rather, they are strictly
controlled to maintain homeostasis for each ion. As a result, the classical pH stat

model has been rejected (Britto & Kronzucker, 2005).
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In support of the idea of cytosolic calcium and potassium homeostasis,
cytosolic levels of these cations were equivalent in nitrate-grown and ammonium-
grown plants (Britto & Kronzucker, 2005). Variation in inorganic cation and anion
levels occurred, but at the total tissue level, not in the cytosol. Instead of using
calcium and potassium cations, cells likely accumulate differing levels of organic
anions to balance the variable charge in the cytosol resulting from the two nitrogen
forms. Since cytosolic pH did not vary with nitrogen form and there was
homeostasis of cation concentration, it seemed likely that organic anions played a
role. This theory came to be known as the biochemical pH stat model (Britto &
Kronzucker, 2005).

Though cytosolic levels of important cations do not vary with nitrogen form,
some researchers have speculated that the decreased uptake of essential cations
does play a significant role in ammonium toxicity (Britto & Kronzucker, 2005;
Roosta & Schjoerring, 2007). Also, the question remains whether, in highly
ammonium-sensitive species, there may be some cationic displacement from the
cytosol (Britto & Kronzucker, 2002).

Low levels of essential cationic nutrients could lead to disruptions in
metabolic function with toxic effects for the plant. For example, calcium, in addition
to its role as an important constituent of plant cell walls, acts as a secondary
messenger in signal transduction processes. Therefore, shortages of calcium could
impair enzymatic function, leading to a toxic outcome for the plant. Calcium also
has a role as a co-factor for enzymatic activity; impairment of this function could

also lead to lethal effects when calcium uptake is inadequate. Depleted levels of
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calcium likely would occur in sub-cellular compartments other than the cytosol,
which has been shown to strictly maintain calcium homeostasis (Britto &
Kronzucker, 2005). Signaling events would cause transient release of calcium ions
into the cytosol through activated channels.

A significant amount of research has demonstrated suppressed cation
accumulation under ammonium nutrition. For example, Walch-Liu et al. (2000)
found that potassium content of tobacco leaves declined by 15% under ammonium-
as compared to nitrate-nutrition. However, Walch-Liu et al. (2000) did not observe
declines in calcium concentrations in tobacco. Roosta and Schjoerring (2008)
observed that calcium and magnesium concentrations in cucumber plants were
reduced in ammonium-fed compared to nitrate-fed plants. Therefore, plant
response to ammonium varies with plant species and even amongst varieties within
species.

We examined the effects of nitrogen treatments on calcium and potassium
accumulation in the two lettuce cultivars, Red Deer Tongue and Two Star. Previous
research in our laboratory (Md. ]. Meagy, personal communication) has shown that
these cultivars accumulate nutrients differently. In these previous experiments, Red
Deer Tongue accumulated higher nutrient concentrations than Two Star for calcium,
(2.76 and 1.86% Ca, respectively) and for potassium (15.34 and 11.86%,
respectively). Those experiments did not examine effects of nitrogen form on
nutrient accumulation as was done here.

The disparity in nutrient accumulation between nitrate-fed and ammonium-

fed plants can be substantial. In an analysis reported in Van Beusichem et al.

149



(1988), if nitrate was the nitrogen source, potassium and calcium increased by 84

and 96%, respectively, compared to accumulation in ammonium-fed plants.

2.4.3.1 Potassium
Among the different mineral nutrients, potassium holds a unique association

with ammonium. The two ions have similar hydrated ion diameter, electrical charge
and have similar effects on membrane electrical potential (Roosta & Schjoerring,
2008). Some researchers have speculated that these physical similarities are
responsible for the interactions observed between ammonium and potassium
however, while the interactions have been established, there is controversy about
the cause (Roosta & Schjoerring, 2008). Interactions between ammonium and
potassium may include competition for uptake at the plasma membrane. If
ammonium is the nitrogen form supplied, competition with potassium channels can
reduce overall potassium uptake with potentially adverse consequences for the
plant (Li et al., 2012).

One theory for the cause of ammonium toxicity centers on the passage of
ammonium through potassium uptake pathways. The evidence supports this theory
as ammonium toxicity has been ameliorated by high potassium supply (Barker et al,,
1967; Britto & Kronzucker, 2002; Gerendas et al., 1997; Roosta & Schjoerring, 2007;
Roosta & Schjoerring, 2008; ten Hoopen et al.,, 2010). However, while this
competition is hypothesized, no conclusive explanation of the mechanisms
responsible for the beneficial effects of elevated potassium supply against

ammonium toxicity has been presented.
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A further complicating factor in potassium and ammonium interactions
involves different potassium transporters that operate at high- and low-potassium
supply. Plant cells have high- or low-affinity potassium transporters (referred to as
HATS and LATS, respectively). Roosta and Schjoerring (2008) presented evidence
that low-affinity potassium transport, which would be induced by their high
potassium supply at 5 mM or 10 mM K* concentrations, was not ammonium-
sensitive if ammonium was supplied at 10 mM. Ammonium-fed cucumber plant
growth increased significantly at 5 mM potassium concentration, compared to
plants supplied with a low potassium concentration of 0.6 mM. Further increases in
potassium concentration above 5 mM (they used a high concentration of 10 mM
concentration K*) had no additive effect. They concluded that if potassium is
supplied at high concentration, ammonium cannot enter via the low-affinity
potassium transporters that predominate. Thus, at high concentrations of 5 mM or
greater, potassium can enter without competition from ammonium whereas, if
potassium supply is low, ammonium inhibits potassium uptake.

Assuming the lettuce in our experiments shared similarities with cucumber
in regard to concentrations at which high- and low-affinity potassium transport
occur, all our treatments would have provided some protection against ammonium
toxicity, at least as it relates to ammonium competition with potassium uptake. All
seven nutrient treatments had a 6 mM potassium concentration. In our
experiments, the six nitrogen treatments containing ammonium-N had NH4*
concentrations ranging from 900 M in the 6% NH4*-N treatment to 15 mM in the

100% NH4*-N treatment.
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In our experiments, we saw ammonium toxicity symptoms in plants with
nitrogen treatments greater than 50% NHs* -N. Based on the information about
high- and low-affinity transport provided by Roosta and Schjoerring (2008), it is
unlikely that these symptoms resulted from declines in potassium due to
competition between ammonium and potassium for uptake at transporter sites. If
this situation is so, other factors related to ammonium toxicity affected plant health
in our experiments, since increasing ammonium concentrations in the supply
resulted in ammonium toxicity symptoms. The concentrations at which high- or
low-affinity potassium transport occurs in lettuce are not known.

In our experiments, we observed declines in percent potassium in plant
shoots, but based on the information mentioned above, ammonium competition for
potassium transporters likely was not the cause of that decline. Ammonium also
causes potassium extrusion from the cytosol (ten Hoopen et al,, 2010). ten Hoopen
et al. (2010) found that increasing supplies of ammonium resulted in decreases in
potassium concentration in all plant tissues, which they attributed to this
phenomenon. Extrusion of potassium might explain the declines in potassium
concentration seen in our experiments.

Some researchers have hypothesized that ammonium toxicity is at least
partly a result of disruption of potassium homeostasis in the cytosol. However,
Kronzucker et al. (2003) showed that disruption of potassium concentrations in the
cytosol of ammonium-sensitive barley (Hordeum vulgare L.) occurred under high or
low NH4*:K* treatment ratios. They concluded that ammonium toxicity was not

attributable to disruption of cytosolic K*. The differences in potassium
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concentration between nitrate- and ammonium-grown plants may reflect
differences in K* concentrations sequestered in the vacuole (Britto & Kronzucker,
2005).

How elevated potassium protects against the toxic effects of ammonium
supply remains a question. Some researchers propose that high potassium supply
has been found to reduce ammonium uptake (Roosta & Schjoerring, 2008).
However, other researchers have found that NH4* uptake was not affected by
potassium concentration in the nutrient solution (Roosta & Schjoerring, 2008).

Roosta and Schjoerring (2008) revealed an interesting possibility for how
potassium acts to counter ammonium toxicity. Ammonium supply at high
concentration reduced glutamine synthetase activity and expression in roots
(Schjoerring et al., 2002). Roosta and Schjoerring (2008) found that high potassium
concentrations (supplied at 5 or 10mM K*) in plants supplied with toxic 10 mM
NH4* concentration, raised the levels of the enzymes glutamine synthetase and
phosphoenolpyruvate carboxylase (PEPC) in the leaves and roots of cucumber, an
ammonium-sensitive plant species. These enzymes play critical roles in the
assimilation of ammonium into organic compounds, the first through catalyzing the
reaction that combines ammonium and glutamate to form glutamine and the second
through catalyzing reactions that provide the carbon skeletons necessary for
assimilation of nitrogen into amino acids (Roosta & Schjoerring, 2008). PEPC
increases flux through the TCA cycle by catalyzing a reaction between PEP and
bicarbonate to form oxaloacetate. Oxaloacetate enters the TCA cycle to form citrate,

a precursor in the cycle that leads to production of 2-oxoglutarate, the substrate
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compound that reacts with glutamine in a reaction catalyzed by the glutamate
synthase enzyme to produce two molecules of glutamate. A consistent supply of 2-
oxoglutarate is essential to complete ammonium assimilation. Thus, potassium may
alleviate ammonium toxicity in two ways, first, through inhibition of NH4* uptake
and, second, by stimulating assimilation of ammonium in the root.

Lietal. (2012) showed that when glutamine synthetase is inhibited, higher
internal ammonium concentrations and greater ammonium toxicity symptoms
result. Stimulation of glutamine synthetase and phosphoenolpyruvate carboxylase
activity relieved ammonium toxicity symptoms in cucumber (Roosta & Schjoerring,
2008) and rice (Balkos et al., 2010). Li et al. (2010) hypothesized that plants with
high glutamine synthetase and phosphoenolpyruvate carboxylase activity have
greater ammonium tolerance.

Our measurements gave potassium concentrations of the whole shoot. We
did not measure cytosolic concentrations. Even though our hydroponic medium
supplied potassium at a concentration (6 mM K*) that would elicit ammonium-
insensitive potassium uptake in the plant, we saw a decline in potassium
concentration in the shoot with increasing ammonium supply, and this decline
occurred whether the hydroponic solution was buffered or not. These results
suggest that potassium uptake might not have been solely through ammonium-
insensitive channels. Alternatively, potassium efflux from the roots might explain
the reductions in potassium percent as ammonium supply increased. Whatever the

cause, it is well-known that ammonium disrupts potassium nutrition (Gerendas et
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al, 1997; Lietal., 2012; ten Hoopen et al,, 2010), and we observed this disruption in
all of our experiments.

In unbuffered solutions (Experiment 1), both cultivars showed declines in
shoot potassium concentration and they differed significantly in treatments in
which ammonium-N was greater than 12% of total nitrogen supply. For both
cultivars, shoot potassium concentration was highest in the 100% nitrate-N
treatment. For all ammonium-N treatments greater than 12% NH4* -N, Red Deer
Tongue had significantly higher potassium concentrations than Two Star. Overall,
declines in Two Star were more pronounced than in Red Deer Tongue. From
highest shoot percent potassium to lowest, Two Star and Red Deer Tongue declined
by 59 and 49%, respectively, to lows of 3.65 and 5.03% K, respectively. Although
Two Star showed more sensitivity to higher ammonium concentrations in the
unbuffered solution, the disparities between the cultivars may have resulted from
different tolerances to low pH, a possibility that we also considered with regard to
shoot fresh weights in the unbuffered media. Alternatively, Two Star may be more
prone to ammonium toxicity effects. However, since cultivar potassium
concentrations did not differ significantly in buffered conditions (Experiment 2)
whereas they did differ in unbuffered Experiment 1, Two Star is likely more
susceptible to effects of solution acidification than is Red Deer Tongue.

Although solution pH of the cultivars did not differ significantly in a
statistical sense at any N treatment level, solution pH may have played a role from a
physiological perspective in the differences between cultivars in unbuffered

Experiment 1. Brix et al. (2002) suggested that plasma membrane integrity might
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be compromised at pH 3.5. In the unbuffered solution (Experiment 1), for the 25%
NH4* -N treatment, hydroponic solutions for Two Star had pH values of 3.44,
whereas pH of hydroponic solutions of Red Deer Tongue were 4.28. Effects on root
health and plasma membrane integrity may have differed for the two cultivars,
affecting ion uptake differently.

If the external solution was buffered with 10 g CaCO3 (Experiment 2), the
cultivars did not differ significantly in potassium concentration, nor was there a
significant interaction between cultivar and nitrogen treatment. As ammonium-N
supply increased, shoot potassium percent declined significantly and comparably
for both cultivars. However, these declines were far less severe than in Experiment
1 with unbuffered solutions. From the highest percent potassium concentration to
the lowest, the decline was 23%, about half what was seen in unbuffered solutions
(Experiment 1). The results suggest that Two Star is more sensitive to acidity or
ammonium toxicity than Red Deer Tongue.

In Experiment 3, when buffered and unbuffered treatments were run side-
by-side, declines in shoot potassium percent from high to low values were similar to
what occurred in Experiments 1 and 2. Shoot potassium concentration declined by
61 and 34% for unbuffered and buffered treatments, respectively. From the 100%
NO;-N treatment through the 12% NH4*-N treatment, shoot potassium
concentrations of the buffered and unbuffered treatments did not differ significantly
at any nitrogen treatment level. For all nitrogen treatments greater than 12% NH4*
-N, buffered and unbuffered treatments differed significantly for each N treatment,

with lettuce shoots in the unbuffered treatments having lower potassium
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concentration. Buffering the hydroponic solution significantly improved shoot
potassium concentraion in the higher ammonium-N treatments in comparison to
unbuffered treatments.

Although buffering maintained a consistently neutral pH in the nutrient
solutions of all nitrogen treatments, nonetheless declines in potassium
concentration and, likewise, declines in growth were apparent as ammonium
concentrations increased whether solutions were buffered or not. Buffering may
affect ammonium toxicity since declines in potassium concentration were less
severe as ammonium-N in the solutions increased if the solutions were buffered.

However, the problem of declining potassium concentration and declining
growth is primarily related to ammonium toxicity. In the unbuffered treatments of
Experiment 3, the pH of the solutions dropped by three orders of magnitude from
the 100% nitrate-N treatment to the 12% ammonium-N treatment, from pH 7.68 to
pH 4.58, whereas shoot potassium concentration amongst those three N treatments
changed hardly at all, with shoots containing 7.65% K in the 100% nitrate-N
treatment and 7.54% Kin the 12% NHs* -N treatment. That acidification of the
solution increased as ammonium-N content of the solutions rose, preceding the
drop in potassium concentration suggests declines in potassium concentration are
caused by ammonium toxicity effects, not the acidification of the solution.

That ammonium toxicity, not solution acidification, is the primary factor
affecting potassium accumulation is further demonstrated in unbuffered
Experiment 1. Between the 100% nitrate-N treatment and the 25% ammonium-N

treatment, pH declined by 51%, from a high of pH 7.87 to pH 3.86, and did not
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decline further. Potassium concentration declined by 37% across the same N
treatments, from 9.22 to 5.85% K but, unlike pH, potassium concentration continued
to fall as ammonium-N solution concentrations increased, falling to 4.34% K in the
100% ammonium-N treatment. Over these same N treatments, which contained the
largest increases in solution ammonium concentration, pH remained remarkably
stable, with pH values of 3.86 in the 25% NHa4* -N treatment and pH 3.83 in the
100% NH4* -N treatment. Similarly, in unbuffered Experiment 1, shoot fresh weight
was suppressed by 40% in the 25% ammonium-N treatment compared to the 100%
nitrate-N treatment, and fell to 16 g/plant in the 100% NH4* -N treatment, a decline
of 89% from the high of 141 g/plant in the 100% NO;" - N treatment. Again, change
in acidity preceded the change in growth, suggesting the problem is ammonium
toxicity, distinct from acidification of the solution.

In considering total shoot potassium contents (mg K/head), Two Star
accumulated a greater quantity of potassium than did Red Deer Tongue in buffered
Experiment 2, but the two cultivars had similar shoot potassium content in
unbuffered Experiment 1. In Experiment 2, the differences in total potassium
content reflect the differences in head size of the two cultivars. The cultivars did not
differ significantly in potassium concentration in buffered treatments, but Two Star
had a larger mass. In Experiment 1, when the solutions were not buffered, the
cultivars’ different responses to nitrogen treatment affected the total potassium
content in a more complicated way. The cultivars differed in shoot growth only for
the 1009% nitrate-N treatment and the 6% NHa4* -N treatment, in which Two Star had

the higher weight. For all other nitrogen treatments, shoot dry weight was similar.

158



The relationship between the cultivars is reversed if considering potassium
concentrations. The shoots of the cultivars had similar potassium concentrations if
nitrate was the sole N source and for the two lowest ammonium-N containing
treatments. For all treatments with 25% NH4* -N or greater, Red Deer Tongue had
significantly greater shoot potassium concentration than Two Star. Thus, Two Star
had greater total shoot potassium content than Red Deer Tongue if the solution
contained 100% nitrate-N or 6% NH4* -N, whereas total shoot potassium content of
Red Deer Tongue exceeded that of Two Star if ammonium-N concentration was 25
or 50% in the nutrient solution, even though the heads were similar sizes in these
treatments. This outcome may reflect that Two Star has greater sensitivity to
ammonium than does Red Deer Tongue if solutions are not buffered. Plant breeders
efforts to create a phenotype with a large and uniform head size may somehow have
made Two Star more susceptible to ammonium toxicity effects. Another possibility
is that the genotypes of the two lettuces differ in some critical way, the nature of
which is beyond the scope of this study.

In Experiment 3, overall, there was a linear decline in potassium content as
solution ammonium concentration increased, regardless of buffer treatment.
Statistically, there were differences that depended on interactions between cultivar
and buffer treatment on the one hand and buffer treatment and nitrogen treatment
on the other. Two Star had greater total shoot potassium content than Red Deer
Tongue if treatments were buffered, but not if there was no buffering. These results
mirror those seen in unbuffered Experiment 1 and buffered Experiment 2. In

unbuffered Experiment 1, the cultivars did not differ significantly in total potassium
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content, whereas in buffered Experiment 2, they did. When solutions were not
buffered in Experiment 3, mean shoot potassium content was 516 mg/head. If
solutions were buffered, shoots accumulated significantly more shoot potassium,
having a mean 723 mg/head, with Two Star accumulating a significantly greater
amount of potassium than Red Deer Tongue in the buffered treatment, 797 and 649
mg/head, respectively. In the 100% nitrate-N and the two N treatments with lowest
ammonium-N concentrations, total shoot potassium did not differ between buffer
treatments at each N treatment level.

Although statistically not significant, it might be worth noting that Red Deer
Tongue and Two Star showed an interesting disparity in these N treatments.
Comparing total shoot potassium in plants grown in unbuffered solutions to those in
the buffered, Red Deer Tongue accumulated more when solutions were not
buffered, particularly in the 100% nitrate-N treatment, 930 mg K/head in the
unbuffered treatment compared to 669 mg K/ head when the solution was buffered.
Two Star showed the inverse relationship in the unbuffered and buffered
treatments, having 816 mg K/head in the unbuffered treatment and 1082 mg K/
head if buffering were provided. If solution ammonium-N concentration was 25%
or greater of the total N supply, both cultivars had a lower potassium content if the
solutions were unbuffered, and the potassium content fell precipitously with each
increase of ammonium-N in the solution. This precipitous drop was observed in
both unbuffered and buffered treatments, although buffering seemed to lessen the
effects of ammonium toxicity, as shown at each nitrogen treatment level by the

significantly greater shoot potassium content in the buffered treatments compared
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to the unbuffered. If ammonium-N was the sole nitrogen form supplied, total shoot
potassium measured 130 mg K/head in the unbuffered treatment and 429 mg
K/head in the buffered treatment.

Similar to observations of decreasing shoot potassium concentration with
increasing ammonium-N in the nutrient solutions, declines of potassium
concentration in the root were observed. Potassium declines were not as severe in
buffered conditions (Experiment 2) as they were in unbuffered conditions
(Experiment 1). Root potassium was not determined in Experiment 3 in which
buffered and unbuffered treatments were used concurrently.

In unbuffered solutions (Experiment 1), root potassium concentration
increased if ammonium-N composed a portion of the N supply up to the 12% NHa* -
N treatment, containing 16% K; if nitrate-N were the sole nitrogen source, roots had
a concentration of 11% K. Thereafter, with each increase in ammonium-N in the
solution, root potassium concentration declined so that in the 75% NH4* -N
treatment it had declined by 63% from its highest value to 6% K. Root potassium
concentrations exceeded shoot potassium concentrations at every N treatment level.
Red Deer Tongue and Two Star showed some surprising differences with regard to
root potassium concentration. If nitrate were the sole nitrogen form supplied, Two
Star had a much smaller root potassium concentration, 5% K, compared to Red Deer
Tongue, 16.48% K. For most nitrogen treatments, Two Star had a significantly
lower root potassium concentration, although the disparity in the 100% nitrate-N
treatment was most extreme. Overall, Red Deer Tongue had significantly higher

root potassium concentration than did Two Star. Additionally, Red Deer Tongue had
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a higher root:shoot potassium ratio, based on total potassium content by mass, as
well as higher or similar total root potassium (mg/plant) at each nitrogen treatment
level. The differences in potassium uptake between the cultivars may explain the
greater relative growth suppression of Two Star in the unbuffered solutions as
compared to Red Deer Tongue. Under optimal growth conditions, Two Star is the
larger lettuce, however in the unbuffered solutions of Experiment 1, if ammonium-N
content in the solutions was greater than 25% NH4* -N, growth of roots and shoots
of the two cultivars were similar.

In buffered solutions (Experiment 2), root potassium concentration declined
to a much lesser extent than in the unbuffered solutions as ammonium-N
concentration in the treatments increased. In the buffered solutions, root
potassium concentration had lower highs, 12 % K, and higher lows, 8% K, than in
the unbuffered solutions of Experiment 1. Notably, in both buffered and unbuffered
solutions, Two Star had lower potassium concentrations than Red Deer Tongue in N
treatments in which the two cultivars differed significantly. In terms of total root
potassium by weight, the two cultivars were similar at most of the nitrogen
treatment levels. As in unbuffered Experiment 1, Red Deer Tongue had a higher
root:shoot potassium ratio than did Two Star, except for at the two highest
ammonium-N concentrations when the cultivars were similar. It is possible that the
tendency of Red Deer Tongue to maintain a higher percentage of its total potassium
uptake in the roots could improve the capacity to assimilate more ammonium there,
whereas Two Star might transport unassimilated ammonium to the shoots and thus

be more prone to the effects of ammonium toxicity. A caveat to drawing any
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conclusion about buffered vs. unbuffered solutions and root potassium is that the
experiments were conducted approximately two months apart, in winter. Itis not
possible to account for possible differences in experimental conditions.

To conclude our discussion of potassium, it has long been recognized that
ammonium can inhibit potassium uptake (Barker et al,, 1967; Li et al., 2012; Van
Beusichem et al.,, 1988). Our experiments confirmed these earlier results in that
ammonium in the nutrient solution inhibited potassium accumulation, even if
potassium was supplied at a 6 mM concentration, considered a high concentration.

As ammonium concentration in the solution increased, there was greater
inhibition of potassium uptake. We saw this effect consistently in all of our
experiments, whether the hydroponic solution was buffered or not, albeit that
plants accumulated more shoot potassium if the pH of the solution was at or above
pH 5.

With regard to optimizing shoot potassium content, either nitrate as the sole

N source or co-provision with a low ammonium:nitrate ratio will give best results.

2.4.3.2 Calcium

Calcium, ammonium, and potassium are the three cations taken up in
greatest quantity by plant cells (Britto & Kronzucker, 2005), if all of the ions are
present.

Calcium has many roles in plants including as a structural component of cell
walls and membranes, as a counter-cation for anions in the vacuole, as an

intracellular messenger in the cytosol (White & Broadley, 2003), as well as a
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regulatory role in certain processes of cell division, in pollen tube growth (Hepler,
1994) and in aspects of cell expansion (Blamey, 2003).

Calcium in pectin has a major role in the structure of the cell wall in plants
and it accumulates at highest concentration there (Blamey, 2003). In the cell wall,
calcium binds to negatively-charged carboxylic groups of polygalacturonic acid,
forming a hydrated pectic gel that can vary in stability and complexity and is
responsible for the pore size in primary cell walls. Only a small portion of calcium in
the apoplast exists as free calcium ions, at a concentration of approximately 0.1 mM
(Felle, 2001; M. Gilliham et al.,, 2011a).

Another important role for calcium in plants involves maintaining stability
of membrane structure. Calcium binds with phosphate and carboxylate groups of
phospholipids and membrane proteins, providing a bridge that stabilizes the
membrane surface (Barker & Pilbeam, 2007; Marschner, 2012). Calcium may also
bind to the internal structures of the membrane lipid bilayer, through interactions
between calcium and embedded membrane proteins (Barker & Pilbeam, 2007). If
calcium supply to a plant is deficient, membranes may become ‘leaky’, releasing low-
molecular weight solutes, such as sugars and K*. Under severe deficiency,
membranes may disintegrate, interfering with compartmentation of membrane-
bound structures within the cell, as well as affecting the plasma membrane
(Marschner, 2012).

Over the decades of research into calcium uptake, researchers have been
unable to definitively determine whether calcium travels by the apoplastic, or

symplastic pathway through the root to the xylem (Gilliham et al,, 2011a). The
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apoplastic pathway provides the likeliest route of calcium to the stele. If transport
occurred through a symplastic pathway, cytosolic calcium concentrations would be
elevated and could interfere with cellular signaling mechanisms (Gilliham et al.,
2011a; Karley & White, 2009). However, calcium absorption through the apoplast
can occur only in regions where the Casparian band is absent, such as at the root tip
or locations of lateral root initiation (Karley & White, 2009). The relative
contribution of the different pathways to calcium movement through the root
depends in part on plant species (Gilliham et al., 2011a). Cholewa etal. (2004)
found that calcium movement through onion roots involved a symplastic pathway
(Cholewa & Peterson, 2004). Also, cation exchange capacity of the cell wall can
differ between species (Haynes, 1980) and between different cell types (Gilliham et
al, 2011a) and these differences would result in different adsorption of cations in
the root apoplast. Haynes et al. (1980) refer to a study in which it was concluded
that the different cation exchange capacities of Vicia and Hordeum roots accounted
for the considerable differences in calcium uptake by the two species (Haynes,
1980).

Suberization of the endodermis blocks apoplastic flow between the stele and
cortex of the root. Solute transport through the apoplasm is blocked where the
Casparian band encircles the cells of the endodermis and passage into or out of the
stele must occur symplasmically in this region. Haynes (1980) cited evidence that
shoot calcium and magnesium were substantially impeded in suberized regions of
the root, suggesting that their movement across the root occurs via the apoplasm,

whereas potassium, ammonium and phosphate, following a symplasmic pathway,
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were not reduced in these regions and thus were presumed to follow a symplasmic
pathway to cross the root cortex. More recently, it has been shown that an
arabidopsis mutant, esb1, characterized by increased suberization of the root, had
significantly reduced transpiration, suggesting impeded movement of water. In
these plants, leaf calcium concentration was reduced by 50% (Baxter et al., 2009).
They attributed this reduction to reduced movement of water and solutes through
the root apoplast.

In the past, roots have been considered as passive pathways for water
movement (Haynes, 1980). More recently, the suggestion is that water and solute
radial movement in the apoplast of the root is driven by a negative hydrostatic
pressure gradient, or tension, generated by the transpiration stream running from
the leaf through the xylem to the root (Steudle, 2001). Calcium flux through root
tissues to the xylem is large and has been measured at 40 nmol Ca h-1 g1 fresh
weight (White & Broadley, 2003).

Likely, there are two routes for radial calcium transport across the root to
the xylem, one involving apoplastic transport to the suberized endodermis, followed
by uptake through endodermal cell Ca?* -permeable channels, symplastic passage
through endodermal cells and efflux through Ca?* transporters across the plasma
membrane and out of the cell; the other exclusively through the apoplast in regions
where the Casparian band is absent: the root tip, or areas where lateral root
formation is occurring (White 2001). Given the sizeable calcium fluxes through the
root to the xylem, researchers have concluded that the apoplastic pathway must

carry proportionately larger fluxes of calcium than the symplast, since the
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limitations imposed by channel-mediated uptake would not permit the observed
magnitude of radial flux to the xylem (Gilliham et al., 2011a).

Once calcium has crossed the root, transport of Ca?* through the apoplasm of
the xylem is highly influenced by the transpiration rate (Gilliham et al.,, 2011a).
Within the xylem vessels or tracheids, calcium travels either as free Caz* or in
complexes with organic acids (Karley & White, 2009). Xylem sap calcium
concentration may range from more typical submicromolar levels to an extreme
high of 16.5 mM free Ca?*, a level recorded in a calcicole, a plant particularly adapted
to calcareous soils (Karley & White, 2009). The calcium concentration of the xylem
depends on the rhizospheric calcium concentration.

Reduced transpiration rates result in reductions in shoot calcium content
(Gilliham et al., 2011a). Evidence of the importance of the transpiration stream in
translocation of calcium is demonstrated by calcium deficiency symptoms, which
most commonly are expressed in tissues with reduced transpiration, such as
enclosed leaves and fruits (Gilliham et al.,, 2011a; White & Broadley, 2003).

Common deficiency symptoms include tipburn of lettuce, cavity spot of carrot, bitter
pit and internal breakdown of apple, and blossom end rot of tomato and pepper.

Within a plant cell, the vacuole sequesters most of the free calcium and holds
it in sparingly soluble compounds. (Gilliham et al., 2011a). Vacuoles in leaves store
the highest quantity of calcium. However, even within the leaf, there is not a uniform
vacuolar calcium concentration. Instead, leaf vacuolar calcium concentrations vary
by cell type. Calcium ions accumulate at low levels in roots compared to in shoots,

with average root vacuolar concentrations of less than 10 mM, whereas, in leaves,
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vacuolar calcium concentrations have reached 150 mM (Gilliham et al., 2011a).
Calcium is also an important component of the cell wall, and a substantial portion of
calcium resides there also (White & Broadley, 2003).

In the leaf, the disparity in Ca?* concentrations between the apoplast and
cytosol, results in a concentration gradient that favors calcium passage across the
cell membrane (Gilliham et al,, 2011a). Uptake occurs through calcium channels,
considered a passive process since no cellular energy is expended. Within a cell,
homeostatic concentrations are in the 100 to 200 nM range whereas, in the
apoplast, calcium concentrations normally occur in the micromolar range. Levels do
not exceed 500 uM since calcium above this level can result in stomatal closure
(Gilliham et al., 2011a).

Within the cell, cytosolic Ca?*-ATPases and Ca?*-H* antiporters maintain
submicromolar calcium concentrations by exporting Ca?* ions to other
compartments, such as the vacuole, endoplasmic reticulum, Golgi, or plastids
(Karley & White, 2009). Maintenance of low cytoplasmic Ca?* concentration is
important because high concentrations could adversely affect cell energy
metabolism (Ranty et al., 2006).

Calcium occupies distinct compartments within the cell. In the cytosol, the
normal free calcium concentration is very low, about 200 nM. One reason for low
calcium concentrations in the cytosol is due to its reactivity with inorganic
phosphorus. Since phosphorus is a requirement for cellular processes requiring
energy as ATP, it has been proposed that an early evolutionary adaptation was

maintenance of low cytosolic calcium concentrations in cells to prevent calcium
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phosphate precipitation (Sanders et al., 1999). Likely, calcium’s role in cellular
signaling evolved later, capitalizing on the earlier adaptation which setup a
condition in which homeostatic cytosolic calcium concentrations are low with
surrounding compartments storing higher calcium concentrations (White &
Broadley, 2003).

Although calcium levels in the cytosol must be strictly controlled to maintain
homeostasis at a relatively constant 0.1 to 0.2 pm concentration (Britto &
Kronzucker, 2005), cytosolic calcium concentrations rise to between 1 to 10 uM
during signal transduction events (Hepler & Wayne, 1985). In response to a variety
of stimuli, either environmental or developmental, calcium levels transiently rise in
the cytosol, released from a cellular storage compartment through Ca?* -permeable
cation channels, for example those in the tonoplast or plasma membrane. Rapid
spikes in calcium concentration in the cytosol can be very localized and are tightly
controlled in the cell. Calcium released to the cytosol can bind with proteins, which
changes their conformation and function. These changes are the method by which
calcium transduces the signal received from an external stimulus. Calcium can bind
a variety of proteins, such as calmodulin, Ca?*-dependent protein kinases and
calcineurin B-like proteins (White & Broadley, 2003).

Calmodulin, a calcium sensor protein, is abundant in the cytosol and has a
critical role in cell signaling through binding with Ca2*. The calmodulin-Ca?*
complex transduces the Ca?* signal by binding with downstream target proteins, the
identity of which can vary depending on the type of signal. Plants contain many

isoforms of calmodulin with specific roles. In sum, these receptor proteins respond
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to elevations of cytosolic Ca?* through protein-protein interactions with membrane
proteins, metabolic enzymes, transcription factors, etc., initiating biochemical,
cellular and physiological responses.

Effects of the signaling cascade involving calcium include alterations in plant
growth, metabolism, phosphorylation, gene expression and ion homeostasis. In
addition to stimulating plant growth and development, Ca?* signals have a role in
biotic and abiotic stress responses. The question of how such a simple molecule,
Ca?*, elicits a such a broad variety of very specific responses has been answered
through identification of distinct signals, or signatures, characterized by differences
in amplitude, duration, localization and frequency of Ca?* oscillations in the cytosol
(Ranty et al., 2006).

Evidence has been presented showing that apoplastic Ca* concentrations
influence intracellular Ca?* signaling dynamics. Alteration of apoplastic Ca2*
concentration has been shown to influence cytosolic Ca?* concentration oscillations
in guard cells of Arabidopsis (Allen et al.,, 2001) and particular oscillation patterns
control stomatal closure. Abscisic acid (ABA) is an important regulator of these
responses, affecting conductance across membranes through hyperpolarization of
the membrane (Gilliham & Tester, 2005). Through use of a mutant gcaZ2 (growth
controlled by abscisic acid), which is insensitive to ABA with regard to root growth
and stomatal response, Allen et al. (2001) showed that cytosolic Ca?* concentration
oscillations influenced stomatal closure by controlling cytosolic Ca* concentrations
with a ‘calcium clamp’. Elevating external calcium concentrations from 50 to 10 mM

induced a particular pattern of cytosolic Ca?* oscillations in the wild type and
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resulted in stomatal closure. In the mutant, oscillations induced by elevating
external calcium concentrations had altered duration and frequency and the steady-
state stomatal closure that occurred in the wild type was abolished. In the mutant,
experimentally imposed cytosolic Ca?* oscillations restored stomatal response to
75% of that seen in the wild type. This finding established the importance of
cytosolic Ca?* oscillations in signaling stomatal closure and, furthermore, the role of
the external calcium concentration in eliciting these oscillations (Allen et al., 2001).
Since apoplastic Ca?* concentrations affect internal concentrations, they must be
plant regulated.

Oscillations in cytosolic calcium concentrations in guard cells exert control
over stomatal aperture, and thus, gas exchange and water loss. These oscillations in
cytosolic calcium concentrations are induced, in part, by apoplastic Ca?*
concentrations. Therefore, excessive free Ca?* in the apoplast can be detrimental for
plant function. Calcium sequestration in vacuoles and other cellular compartments
is essential to remove calcium from the apoplast (Karley & White, 2009). Vacuolar
calcium storage is particularly important in the interplay between the different
compartments because of the sensitivity of cytosolic calcium concentrations to
apoplastic concentrations (Karley & White, 2009).

Crossing from the cytosol into the lumen of the vacuole requires energy and
is accomplished through calcium transporters, the most significant of which is the
cation calcium exchangers (CAXs) (Gilliham et al., 2011b). Calcium form in the
vacuole varies with plant species and can occur as free Ca?, complexed with

proteins, or in insoluble forms such as in oxalates (Karley & White, 2009). Whatever
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the form, once calcium accumulates in the vacuole, it remains there, other than
during the transient release into the cytosol during signal transduction events.
Calcium is predominately an immobile element and leaves the vacuole only in the
tiny amounts required for calcium signaling purposes (Gilliham et al., 2011b).

Gilliham et al. (2011b) found that the Arabidopsis cax1/cax3 double mutant
that lacked expression of these tonoaplastic Ca?* transporters had elevated
apoplastic [Ca?*], three times higher than in the wild type. Additionally, the vacuolar
[Ca?*] of these mutants was reduced by 42%. Thus, vacuolar [Ca?*] influences
apoplastic [Ca?*].

In addition, the cax1/cax3 double mutant had reduced growth, thicker cell
walls and reduced gas exchange compared to the wild type Arabidopsis (Gilliham et
al, 2011b). Thus, where and how calcium is stored affects plant productivity. Wild
type arabidopsis plants have mechanisms for controlling calcium concentrations
both within and external to the cell that involves calcium storage in mesophyll cell
vacuoles (Gilliham et al., 2011b). Storage in the vacuole is essential to prevent
excessive calcium in the apoplast.

Although calcium is predominantly stored in leaf vacuoles, the quantity
stored there varies by cell type. Plants sequester calcium and phosphorus in distinct
cell types in the leaf to prevent precipitation from occurring (Gilliham et al., 2011b).
In arabidopsis, calcium occurs at highest concentrations in the vacuoles of palisade
and spongy mesophyll cells. Concentrations in the vacuoles of mesophyll cells can
exceed 60 mM. These concentrations stand in stark contrast to calcium

concentrations in the vacuoles of guard cells and bundle sheath cells, where calcium
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concentrations are below 10 mM (Gilliham et al., 2011b). Not surprisingly then,
Gilliham et al. (2011b) found that CAX transporter transcripts occurred at a 375-fold
higher rate in mesophyll cells than in epidermal cells. Thus, plants control sites of
calcium accumulation.

Gilliham et al. (2011a) proposed a model for water flow in leaves that
addresses the question of calcium distribution in the leaf. They distinguished
between two conditions, that of low transpiration and low apoplastic calcium
concentration and that of high transpiration and high apoplastic calcium
concentration. In conditions of low transpiration and thus low apoplastic calcium
concentration, aquaporins are in the open state, conducting water across cell
membranes. Calcium is either taken up by cells or collects in the water free space of
the apoplast. In conditions of high transpiration and if there is an abundant calcium
supply to the leaf, aquaporins close (initiated by high cytosolic Ca?* concentrations)
and water is maintained in the apoplast. Higher water levels in the apoplast prevent
excessively high apoplastic calcium concentrations from accumulating by carrying
calcium around the cell in a particular path to leaf mesophyll cells where storage can
occur, preventing calcium-induced stomatal closure. To avoid the high levels of
calcium in the apoplast that result in stomatal closure (in the process described in
the preceding paragraphs), apoplastic calcium concentrations must be maintained
below 500 pM. Thus, calcium storage in the mesophyll is an important strategy to
maintain gas exchange and plant productivity. In the interplay between calcium

concentrations across cellular membranes and external to the cell, vacuolar storage
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of calcium in leaves has an important role in control of fluxes across the plasma
membrane (Gilliham et al., 2011b).

Once calcium reaches the leaves and is stored in vacuoles, its movement in
the plant is restricted. Ca?* does not move through the phloem (Karley & White,
2009) and is considered an immobile nutrient for this reason.

Calcium has a role in regulation of growth and development in plants (Hepler
& Winship, 2010). Hepler and Winship (2010), working on pollen tube formation,
defined effects of different calcium levels on growth and cell wall extensibility. They
found an interchange of information between the cell wall and cytoplasm, an
exchange based on calcium concentrations. For example, if cytosolic calcium
concentration rises above 0.1 uM, one of the responses is to secrete cell wall
building components. In the apoplasm, if free Ca?* concentrations external to the
cell were too high (> 10 mM Ca), growth was arrested, a condition ascribed to
excessive binding of pectates in the cell wall. Alternatively, apoplastic free Ca?+
levels that are too low (<10 uM Ca) will result in a weakened cell wall that can lose
its integrity and break. Apoplastic Ca?* between 10 uM and 10 mM impart
structural rigidity to the wall (Hepler & Winship, 2010).

Calcium forms both soluble and insoluble complexes in the cytoplasm of
plants (White & Broadley, 2009). In the vacuole, calcium occurs in soluble
complexes with proteins and/or organic acids. Calcium also occurs in the vacuole
bound with phytic acid to form insoluble Ca-phytate and with oxalic acid to form
insoluble Ca-oxalate. Relative concentrations of these calcium complexes vary

depending on plant taxa, genetic predisposition and environmental conditions.
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Lettuce is categorized as a calcifuge or ‘potassium plant’, one of three plant
physiotypes based on calcium nutrition (Broadley & White, 2009). These plants
prefer acid soils, have a high potassium:calcium shoot ratio and contain only small
amounts of mineralized or water soluble calcium. The calcifuge physiotype is
distinct from the oxalate plants and the calcicoles, which prefer a lime rich soil.
Oxalate plants are further divided into those that precipitate oxalate crystals, which
include the crop plants spinach, beets, chard and rhubarb, and those containing
soluble oxalate such as sorrels. However, the capacity to form calcium oxalate
crystals is not confined solely to the ‘oxalate’ physiotype. A determination of total
oxalate contents of various crop plants found that spinach (Spinacia oleracea, L.)
leaves contain about 490 mg/100 g leaf fresh weight, whereas lettuce contains 16
mg/100 g leaf fresh weight (Ruan et al., 2013). Calcium oxalate is a causal factor for
kidney stones and the University of Pittsburgh Schools of the Health Sciences that
advises limiting oxalate-containing foods lists lettuce in the category of ‘moderate
oxalate foods’, containing 2 to 10 mg of oxalate per serving (Low oxalate diet.2015).
Aside from their impact on kidney stone formation, calcium oxalates in the human
diet are considered an antinutrient (Franceschi & Nakata, 2005). Again, the
vegetables with higher oxalate contents are more deleterious than those with low
concentrations. For example, calcium absorption from spinach may only account for
5% of the total calcium available, whereas 41% of the available Ca may be absorbed
from kale.

Franceschi and Nakata (2005) refer to the ubiquity of oxalates in higher

plants and assert that calcium oxalate crystals can account for a large portion of
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accumulated calcium. Formation of insoluble calcium oxalate crystals plays an
important role in the regulation of excess free Ca?* in the cytosol. Plants have a
large capacity to accumulate these crystals, which have distinct morphology
depending on the species, and cell type in which they occur. They are formed from a
complex of calcium with biologically synthesized oxalate derived from the simple
dicarboxylic acid, oxalic acid. Frequently they are sequestered in specialized crystal
idioblasts, which serve as a calcium sink. In lettuce, oxalates occur as major latex
components (Sessa et al,, 2000). Latex is the milky substance that leaks from the
plant when it is wounded. Calcium oxalate has additional roles that include plant
defense and detoxification of heavy metals, e.g. aluminum (Franceschi & Nakata,
2005).

Like potassium, cytosolic concentrations of calcium are independent of
nitrogen source and are equivalent under ammonium or nitrate nutrition (Britto &
Kronzucker, 2005). In our experiments, we saw a dramatic decline in calcium
concentration with increasing ammonium levels in the nutrient supply. However, it
is unlikely that those changes reflected changes in the cytosolic concentration
because calcium levels are normally kept low in the cytosol. While Britto and
Kronzucker (2005) found that calcium levels in the cytosol did not differ under
nitrate and ammonium nutrition, the question remains whether, when the cell takes
up large quantities of ammonium, cytosolic calcium levels may be impacted,
resulting in impairment of its role in plants. If this action occurs, then it may be part
of the explanation for ammonium toxicity. Some possibilities of how this situation

might happen are described below.
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While cytosolic calcium levels in leaves are stable regardless of nitrogen
source, total tissue calcium concentrations are higher under nitrate nutrition than
under ammonium, with calcium ions likely sequestered in greatest quantity in the
vacuole (Britto & Kronzucker, 2005). In cucumber, a species highly sensitive to
ammonium nutrition, leaf and root tissue calcium content declined with increasing
ammonium supply, if ammonium was the sole nitrogen source (Roosta &
Schjoerring, 2007). With ammonium as the nitrogen source, and with nitrogen,
regardless of form, dominating ion uptake, other cations decrease in concentration
and anionic nutrients increase (Hachiya et al., 2012; Marschner, 2012; Roosta &
Schjoerring, 2007; Siddiqi et al., 2002; Van Beusichem et al., 1988).

If externally supplied ammonium is assimilated in the roots protons released
extracellularly during NH4* uptake are effluxed to the external medium to maintain
electrical neutrality in the solution (Marschner, 2012). As we observed in the
experiments in which calcium carbonate buffer was not added to the growth
solution, under ammonium nutrition the external solution becomes more acidic. If
plants are supplied with high amounts of ammonium (in our experiment the 100%
NH4*-N treatment was supplied at 15 mM concentration), ammonium will
accumulate in the shoot, with deleterious effects for most plants. Elevated levels of
NH4* in the shoot have been cited frequently as a condition of ammonium toxicity
(Britto & Kronzucker, 2002).

If ammonium is transported to the shoot, uptake into cells results in
acidification of the leaf apoplast (Felle, 2001) with potential consequences for

calcium absorption. Acidification of the apoplast affects the cell wall, which has a
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cation exchange capacity and can act as an ion exchanger. Acidification of the
apoplast can also displace Ca?* from pectin in the cell wall. Felle (2001) found that
elevated proton concentrations in the apoplast resulted in calcium release from
sites in the cell wall, with increases in free Ca%* in the apoplasm, which usually has a
concentration of about 0.1 mM Ca. Loss of calcium from the negatively charged
regions in the pectin, where it provides cross-linking, can weaken the pectin-
cellulose structure, even to the point of breakage (Hepler & Winship, 2010).

At high shoot ammonium concentration, interactions between H* and Ca?*
leading to release of calcium into the apoplast at higher than normal concentrations
might have implications for cytosolic calcium concentrations, possibly disrupting
homeostatic levels with negative consequences for cellular function. The
relationship between the cell wall, the cytoplasm and the plasma membrane
interface between them is complicated. Hepler and Winship (2010) liken it to a
two-way conversation, in which the cell wall controls the calcium concentration at
the plasma membrane, affecting calcium movement into the cytoplasm; on the other
side, the cytoplasm can affect concentrations of calcium in the apolplast through
extrusion through calcium pumps (Hepler & Winship, 2010).

Much remains to be revealed about this interplay, however it is clear that
there is a delicate balance, which, if disrupted, could cause disruption of normal
function. For example, ammonium in the shoot might have negative consequences
for the calcium exchange between cytoplasm and cell wall. Disruption of proton and
calcium balances in shoot cells could have potential consequences for plant growth

and development.
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Britto and Kronzucker (2006) described a process of ‘futile’ ammonium
cycling under high external ammonium supply (Britto & Kronzucker, 2006). High
external ammonium concentrations elicit low affinity, energetically passive
transport of ammonium across the plasma membrane into cells. At high external
ammonium concentrations, there is a nearly equal efflux of ammonium back across
the plasma membrane, an energetically costly process. The amount of efflux was
concentration-dependent, with higher external concentrations causing an increase
in rate of efflux that approaches the rate of influx. For example, in ammonium-
sensitive barley, rate of efflux were 80% that of influx. Efflux rates in ammonium-
tolerant rice were considerably lower, 53% of the rate of influx. They postulated
that prolonged conditions of high external ammonium supply would have negative
consequences for the plant in terms of growth and survival, because of the high cost
in energy of transporting NH4* back out of the cell, which energy cost they described
as ‘futile’ (Britto & Kronzucker, 2006).

Coskun et al. (2013) proposed another theory of futile ammonia/ammonium
cycling, identifying ammonia (NHz), not ammonium (NH4*), as the species engaged
in rapid fluxes across barley cell membranes. They continued to use the term
‘futile’ to refer to the fluxes, which were based on ammonia gas transportation
through aquaporins in the plasma membrane and tonoplast, however, in the context
of NH3 and its proposed role in ammonium toxicity, the term ‘futile’ refers to the
‘lack of apparent functional utility’ of the rapid fluxes across cell membranes.
Aquaporins could carry sizeable fluxes of NH3 even at the low external NH3

concentration that would be expected in acidic conditions. They postulated that
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ammonia moves rapidly between the surrounding apoplast, the cytosol, and
vacuoles of cells (Coskun et al,, 2013), mediated by aquaporins, which have high
flow rates and are permeable to ammonia (but not charged ammonium ions).
Coskun et al. (2013) proposed that, once ammonia reaches the acidic vacuole, it is
transformed to its conjugate acid, ammonium. Ammonium is then confined to the
vacuole in a phenomenon known as vacuolar acid trapping (Coskun et al., 2013).
Ammonia concentrations equilibrate across the plasma membrane and tonoplast,
whereas ammonium accumulates to a high concentration in the vacuole.

Coskun et al. (2013) described the phenomenon of ‘hyperaccumulation’.
Barley plants supplied with 10 mM NH4* developed compartmentalized
concentrations of ammonia or ammonium; ammonium concentrations in the
vacuole ranged from 50 to 200 mM, whereas in the cytosol ammonium
concentrations were in the 0.5 to 1.5 mM range (Coskun et al,, 2013). The
mechanism fuelling the large vacuolar concentration involves equilibration of
uncharged ammonia molecules between compartments mediated by passive
diffusion of ammonia molecules through aquaporins. The pH of the vacuole may
rise as ammonia consumes free protons during the acid-base reaction in the acidic
vacuole that transforms ammonia into ammonium; ammonium concentrations in
the vacuole rise dramatically as ammonia continues to equilibrate across the
tonoplast.

Coskun et al. (2013) suggest that accumulation of ammonium in the vacuole
could explain the reduced uptake of cations that is frequently a condition of

ammonium toxicity and is sometimes referred to as the major cause of ammonium
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toxicity. Supporting this idea, Conn et al. (2011) showed that Arabidopsis mutants
lacking functional CAX1 and CAX3 had reduced calcium concentrations in leaf
mesophyll cells. Mesophyll vacuoles are the primary storage site for leaf Ca?*.

These mutants had elevated apoplastic free Ca?* concentrations and reduced rates
of transpiration and CO2 assimilation, and reduced growth and cell wall extensibility
compared to wild type plants (Conn et al., 2011).

Conn et al. (2011) suggest a model to explain these results. If CAX1 and CAX2
are absent from the tonoplast, the expression of other cellular Ca?* transporters
(targeted to move Ca?* to the vacuole, plasma membrane, chloroplast, and
endoplasmic reticulum) increases in response. Although mesophyll cells still
accumulated Ca?* to a greater extent than other cells, Ca?* concentrations were 20
mM less than in the wild type. Other transporters could not compensate fully for the
absent CAX transporters. Thus, the ability of the apoplast to secrete Ca?* in the
vacuole was compromised. As, discussed earlier, Ca?* concentrations in the cytosol
are maintained at sub-micromolar levels. Losing the sizeable vacuolar sink, Ca?*
concentrations in the apoplast rise (Conn et al.,, 2011).

High concentrations of ammonium in the plant might impact CAX function.
The vacuole has a limited ability to buffer ammonium (ten Hoopen et al., 2010) and
this weakness could limit calcium transport into the vacuole, the main storage
compartment for Ca?* (Gilliham et al.,, 2011a). Within this scenario, there might be
adverse effects on the function of cation calcium exchangers (CAXs). CAXs are the
primary regulators of calcium accumulation in plant tissues (Manohar et al., 2011).

CAXs are antiporters, predominantly located in the tonoplast, and carry calcium

181



from the cytosol into the vacuole in exchange for a proton. This process is essential
for keeping cytosolic calcium concentrations low and it is energized by a pH
gradient (Gene model AT2G38170.1.). A vacuolar rise in pH, such as that potentially
caused by futile ammonia cycling, would affect proton gradients driving transport
involving proton pumps.

CAX proteins in the tonoplast might have reduced activity, due to the
reduction of protons in the vacuole, impairing the process of exchange of Ca?* ions
for protons. The consumption of protons in the conversion of NHz to NH4* may
disrupt the H* gradient across membranes (Hachiya et al., 2012). Uncoupling of the
H* gradient between the cytosol and the vacuole might explain how calcium locates
differently when plants are exposed to high levels of ammonium in the external
medium. Manohar et al. (2011) note that altered H*-ATPase activity at the tonoplast
and the plasma membrane is a common factor in studies employing cax mutants and
further note that plants exhibit compensatory responses if there are alterations in
Ca?*/H* antiport.

Britto and Kronzucker (2002) point out that the vacuole accumulated less
calcium under ammonium nutrition than under nitrate nutrition. Alterations in
homeostatic calcium levels might alter effective responses to external stimuli during
signaling events. If the vacuole were less able to efflux calcium to the cytosol or
removal of calcium ions from the cytosol was compromised, the role of calcium as a
signaling element might be impaired.

In our experiments, we witnessed suppression in growth with increasing

ammonium supply. Plants in our experiments also had reductions in shoot calcium
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concentration when supplied with high ammonium:nitrate ratios compared to
concentrations in which nitrate supply dominated. In the experiments referred to in
the last paragraph, which used cax1/cax3 double mutants, even though mutant
plants lacking CAX1 function had reduced levels of shoot calcium overall, the
apoplastic free Ca%* concentration in these plants was elevated and correlated with
changes in leaf physiology, such as thicker cell walls, smaller stomatal aperture, and
reduced growth. (Conn et al,, 2011). The researchers assessed apoplastic free [Ca]
and less available Ca in the cell walls and found that apoplastic free [Ca] was three
times greater in the CAX double mutants than in the wild type. Hypocotyl xylem
calcium concentration did not differ significantly from the wild type however,
suggesting that the three fold greater apoplastic free [Ca] did not represent a lack of
absorption and therefore a difference in supply from the roots (Conn et al., 2011),
but, rather, a difference in Ca?* compartmentation.

Looking at our experiments, although total concentrations of calcium are
much reduced under conditions of high external ammonium-N supply, suggesting a
difference in calcium absorption compared to plants grown in solutions with lower
NH4* -N concentrations, if calcium storage in leaf vacuoles were impeded
significantly due to disruption in the H* gradient across the tonoplast, then Ca?*
might be significantly more concentrated in the apoplast. Elevated levels of calcium
in the apoplast of leaves would lead to more rigid leaves and greater cell wall
strength with consequences for cell wall extensibility (Conn et al.,, 2011). Conn et al.

(2011) found altered expression of genes associated with cell wall synthesis and
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modification in the CAX double mutants, with concomitant growth effects. Cell walls
were ‘thicker and less extensible’ than in the wild type plants (Conn et al., 2011).

Another effect with serious implications for plant growth, plants with high
apoplastic Ca?* concentrations had altered transpiration due to effects on stomatal
opening (Conn et al.,, 2011). Calcium concentrations adjacent to guard cells affect
stomatal aperture (Gilliham et al.,, 2011). If apoplastic free [Ca?*] in the water free
space rises above 500 pM, stomates will close (Gilliham et al., 2011a). If apoplastic
Ca?* concentrations are high, water flow through the apoplast due to transpiration
can carry calcium to the guard cells where oscillations of cytosolic Ca?*
concentrations have been shown to affect stomatal closure (Allen et al.,, 2001). This
was discussed in some detail above. Using the cax1/cax3 double mutant, Conn et al.
(2011) showed that if plants were grown in a nutrient solution with a 1 mM Ca
concentration, the mutant arabidopsis had a much reduced stomatal conductance
and CO2 assimilation rate compared to the wild type. Conn et al. (2011) showed
that, if these plants were moved to a low calcium solution (0.025 mM), the wild type
retained the same stomatal aperture and CO; conductance as before transfer and the
cax1/cax3 mutant was practically identical to that of the wild type. If plants were
returned to the 1 mM Ca solution, the initial relationship was restored. Conn et al.
(2011) concluded that vacuolar calcium storage is a vital factor in plant control over
leaf physiology, particularly as it affects apoplastic free Ca?* concentrations.
Therefore, it is worth speculating that altered calcium compartmentalization may be
one of the causes of ammonium toxicity and might be a piece in the puzzle

explaining the suppressed growth evident in our experiments.
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Britto and Kronzucker (2005) show that, while calcium concentrations
decline under ammonium nutrition in the overall plant tissue, in the cytosol calcium
concentrations remain stable, confirming a frequent observation that cytosolic
concentrations of mineral ions are not subject to alteration by nitrogen form.

Earlier, when considering effects of nitrogen form on growth, evidence was
presented that showed connections between nitrate and cytokinins, a connection
that provided a possible explanation for low growth in ammonium-fed plants. Here,
alterations in location of calcium sequestration, as a consequence of ammonium
nutrition, could provide a further possible rationale for why plant growth slows
under ammonium. Excessive calcium in the leaf apoplast would impair extensibility
of cell walls, which would slow or even halt growth.

An often-cited cause of ammonium toxicity is mineral nutrient deficiency
caused by impaired uptake of cations (Cruz et al., 2006). Impaired uptake of cations
is apparent in our experiments as is evident by the lower percentages of shoot
calcium. This reduction was not accompanied by symptoms of calcium deficiency
however. We examined plants for tipburn, for example, but none was seen.

Walch-Liu et al. (2000) found differences in calcium delivery between old
leaves and new leaves under NH4* nutrition. The expressed sap of older leaves
showed a decline in concentration of essential cations (K*, Ca?*, and Mg?*) that
ranged between 30 and 50% of concentrations of plants under nitrate nutrition.
However, young and expanding leaves did not show a change when supplied with

ammonium nutrition. Perhaps this phenomenon accounts for the absence of signs
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of calcium deficiency in our experiments. While calcium accumulation in shoots was
reduced, the plants may have effectively directed calcium ions to growing tissues.

In our experiments, Red Deer Tongue’s shoot calcium concentration
exceeded that of Two Star at every nitrogen treatment level, whether the solutions
were buffered (Experiment 1) or not (Experiment 2). This is a notable difference
between the cultivars and contrasts with results observed for shoot potassium
concentrations (see above).

For shoot calcium concentration in the unbuffered treatments, Red Deer
Tongue had higher values for all nitrogen treatments, except when ammonium-N
was 75% or 100% of total N supply. Unlike the results for potassium, this result
was the case even for the 100% nitrate-N treatment, when adverse effects of
ammonium nutrition would not have been a factor. This pattern of calcium
concentration suggests that Red Deer Tongue has superior capacity for uptake than
does Two Star.

With regard to shoot calcium concentration, Red Deer Tongue again had
significantly higher values at every nitrogen treatment level in buffered media
(Experiment 2). Even though pH stress was eliminated, Red Deer Tongue had
superior results to Two Star, suggesting that Red Deer Tongue is the better
accumulator of this nutrient, just as had been shown in previous work done in our
laboratory.

Experiment 3, in which buffered and unbuffered treatments were tested
side-by-side, confirmed the results of the first two experiments. For shoot calcium

concentration, cultivars differed significantly. For both cultivars, buffering the
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solutions improved shoot calcium concentrations if ammonium-N was part of the
nitrogen supply, but Two Star never achieved parity with Red Deer Tongue, and
continued to have significantly lower values. Compared to Red Deer Tongue, Two
Star had lower shoot calcium concentrations whether buffered or not. Red Deer
Tongue is the cultivar with higher concentrations of this nutrient.

Marschner (2012) cites an experiment by Barber and Ozanne (1970), in
which it was demonstrated that mass flow to plant roots and uptake by plant roots
differs among species with lupine having a higher transpiration rate than ryegrass.
In an experiment comparing lupine and ryegrass, researchers found that while
calcium supply by mass flow to lupine far exceeded that to ryegrass even though the
plants had an identical growing medium, uptake by lupine was so high that,
ultimately, the supply of calcium in the root zone of lupine plants was depleted.
They attributed these differences to transpiration rate differences between the
species with lupine having a higher transpiration rate than ryegrass.

Perhaps Red Deer Tongue expresses CAX transporters in shoot cell vacuoles
differently than Two Star such that, while calcium accumulation decreases with
increasing ammonium-N in the medium, it does so less than in Two Star.
Differences in transpiration could explain the different calcium concentrations
shown in the cultivars.

Cation exchange capacity in the root apoplast is another factor that differs
between plant species and even variety (Haynes, 1980). The two cultivars in our
experiments, Red Deer Tongue and Two Star, might qualitatively differ in the CEC of

their roots, and the differences we saw in percentage of calcium in the shoots might
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reflect this. However, when root calcium was assessed (Experiments 1 and 2),
cultivars were not significantly different.

The results of our experiments suggest that there are agronomic practices
that could benefit calcium accumulation in Red Deer Tongue and Two Star lettuces.

In all three experiments, co-provision of nitrate and ammonium benefitted
calcium accumulation compared to nitrate alone, but only when the
ammonium:nitrate ratio was low. Grown in unbuffered solution (Experiment 1),
each cultivar produced highest shoot calcium concentrations in nitrogen treatments
containing 6% ammonium-N, 1.76% Ca for Red Deer Tongue and 1.31% Ca for Two
Star.

Normal leaf calcium concentrations range from 0.1 to 5% if calcium supply is
sufficient (Marschner, 2012). To achieve optimal growth in tomato plants required
only a 100 uM supply. However, high H* concentrations in the solution can interfere
with calcium uptake and Ca?* concentrations should be several times higher to
counteract that effect (Marschner, 2012). We supplied calcium ata 5 mM
concentration in the nutrient solution of all treatments.

In unbuffered Experiment 1, in terms of total shoot calcium, Two Star
contained the greatest amount, 104 mg Ca/plant, if there was no ammonium-N in
the nitrogen supply, whereas Red Deer Tongue contained the greatest amount at the
25% NH4*-N treatment level, 78 mg Ca/plant. Not coincidentally, the highest yields
for each cultivar coincided with highest calcium content by weight.

Red Deer Tongue showed flexibility with regard to nitrogen fertilization in

unbuffered conditions. In the 25% NH4*-N treatment, Red Deer Tongue
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accumulated approximately an equivalent concentration of shoot calcium to that
which was obtained in the 100% nitrate-N treatment, 1.52% Ca with 25% NHa4* -N
and 1.55% Ca, with 100% nitrate-N. However, Two Star, having greater sensitivity
to root-zone ammonium supply, had only half the calcium concentration at the 25%
NH4*-N level as at the 6% NH4*-N treatment, 0.62 and 1.31% Ca, respectively. In
addition, Two Star lettuce heads in the 25% NH4*-N treatment had a fresh weight
that was only about one third that of its highest yielding heads, which were obtained
when nitrate-N was the sole nitrogen source. From an agronomist’s point of view,
Two Star lettuces are too prone to ammonium toxicity effects to consider growing
them when ammonium-N is part of the nitrogen supply if no buffering is provided.
For a reliable crop of Two Star lettuce, only nitrate-N should be used for
fertilization.

To further illustrate the contrast between the cultivars grown in unbuffered
solutions (Experiment 1), even if ammonium-N was as much as 50% of the total
nitrogen supply, shoot calcium concentration in Red Deer Tongue was higher, at
1.34% Ca, than the highest concentration of 1.31% in Two Star, occurring when
ammonium-N was only 6% of total N supplied. The general trend of shoot calcium
concentration was repeated with minor differences in the unbuffered treatments of
Experiment 3.

The results for shoot calcium concentration in Experiment 2 suggest
different recommendations for optimizing calcium accumulation if buffering is
supplied. For each cultivar, co-provision of nitrogen forms again produced the best

results. However, if solutions were buffered, plants showed a greater tolerance for
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high ammonium:nitrate ratios with regard to optimal shoot calcium concentrations.
In terms of the nitrogen treatment producing optimal shoot calcium concentrations,
whether solutions were buffered or not, it did not differ much for Red Deer Tongue.
In the unbuffered conditions of Experiment 1, Red Deer Tongue had optimal shoot
calcium concentrations at the 6% NHas* -N (1.76% Ca), and 12% NH4* -N (1.73% Ca)
treatment levels. Similarly, in the buffered conditions of Experiment 2, Red Deer
Tongue had optimal shoot calcium concentration, 1.56% Ca, at the 12% NH4* -N
treatment level.

As with use of unbuffered solutions (Experiment 1), Red Deer Tongue had
higher shoot calcium concentrations than Two Star at each nitrogen treatment level.
Due to improved growth in treatments in which ammonium-N was supplied in
buffered solutions compared to unbuffered solutions, if solutions higher calcium
accumulation and higher shoot fresh weights occurred at similar nitrogen
treatments. When grown with 25% NH4* -N, a head of Two Star lettuce and a head
of Red Deer Tongue would yield 113 and 95 mg Ca/plant, respectively. Therefore, if
buffering is provided, a low ammonium:nitrate ratio can enhance growth and
calcium content. For growers, providing some ammonium-N in their fertilization
regime should be recommended as long as acidity in the root zone is controlled.

Whereas Two Star accumulates greater total shoot calcium, due to its larger
plant size, from the perspective of serving size of 100 g, Red Deer Tongue provides
more calcium for the consumer because of the higher concentration of Ca in Red

Deer Tongue.
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Another point of interest to the agronomist, if buffering is provided in the
growing medium, the requirement for exact ammonium:nitrate ratio need not be so
strictly adhered to as in unbuffered conditions. Although plants did perform best
under a precise ammonium:nitrate ratio, higher or lower ammonium-N containing
treatments could be used without suppression of growth or Ca accumulation, an
action that was not the case for plants grown in unbuffered solutions.

In the buffered treatments of Experiment 3, much the same trends occurred
as were seen in Experiments 1 and 2, described above.

In Experiment 3, which combined the buffered and unbuffered treatments in
one experiment, the cultivars were not significantly different from each other in
terms of total calcium content by weight, so we will consider buffer treatment in
relation to nitrogen treatment only, knowing that the cultivars respond in similar
ways.

If no buffer was provided, the highest mean calcium content, 162 mg
Ca/plant, occurred at the 6% ammonium-N treatment level. In comparison, the
highest mean calcium content in the buffered treatments was obtained under the
25% ammonium-N treatment and was significantly less than values obtained when
the treatments were not buffered, 148 mg Ca/plant. Buffering did not improve the
maximum total calcium content in the shoot. In fact, unbuffered treatments had
greater total shoot calcium content, due to a combined effect of differences in plant
size and calcium concentration. A prominent difference between the unbuffered
and buffered treatments was the level of nitrogen treatment at which the best

results were obtained, at 6% ammonium-N without buffering and 25% ammonium-
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N with buffering. Although buffering did not yield greater calcium content, buffering
had a distinct advantage over unbuffered treatments because ammonium-N in the
fertilizer supply could vary without the injurious effects on the plant that result
from root-zone acidification and ammonium toxicity.

Roosta and Schjoerring (2007) have shown that suppressions of Ca?* and
Mg2* under ammonium nutrition were correlated with limitations in growth. In our
experiment, as plant yields declined with increasing ammonium content in the
nutrient solution, so did total shoot calcium accumulation.

Root calcium percentages were determined for Experiments 1 and 2 only. In
Experiment 1, in which no buffering was provided there was an immediate,
dramatic drop in root calcium percent between the 100% nitrate-N treatment and
the 6% ammonium-N treatment, from 3.74% to 0.82% Ca. Root calcium
concentration dropped by 78% between these two adjacent treatment levels. In
contrast, in Experiment 2, in which buffering was provided, root calcium
concentration increased from the 100% nitrate-N to the 6% ammonium-N
treatment, from 3.09% Ca t03.71% Ca. Although the two experiments were run at
different times and a statistical comparison was not made, the results of Experiment
1 indicate that root-zone acidity negatively affected calcium accumulation in the
root in ammonium-fed plants and Experiment 2 showed that buffering improves
root calcium concentration in conditions if ammonium-N is part of the nitrogen
supply.

The root:shoot calcium ratio was calculated for buffered (Experiment 1) and

unbuffered (Experiment 2) solutions using values of total shoot and total root
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calcium. In Experiment 1, in which no buffering was provided, the highest
root:shoot calcium ratio, 0.34, occurred if nitrate was the sole nitrogen source. Any
of the treatments containing ammonium-N in the supply had a root:shoot calcium
ratio that was approximately only one-seventh, 0.05, of the all-nitrate treatment
regardless of ammonium-N concentration. In unbuffered solutions (Experiment 1),
cultivars had similar root:shoot Ca ratios.

The contrast between dry weight root:shoot ratios and those of calcium with
respect to nitrogen treatments is considerable. Dry weight root:shoot ratios did
decline as ammonium-N concentrations in the nutrient solution increased, however
the decline was gradual, following a roughly linear trend. Across all nitrogen
treatments, the root:shoot dry weight ratio declined by about 33%, from 0.12 to
0.08. The decline for the root:shoot calcium ratio was immediate and severe:
between the 100% nitrate-N treatment and the 6% ammonium-N treatment the
ratio declined by 80%, from 0.34 to 0.07, whereas, the root:shoot dry weight ratios
for those treatments hardly changed, measuring 0.12 and 0.13.

Exploring further the relationship of calcium allocation between roots and
shoots and how that relationship changes with increases in ammonium-N in the
nutrient solution reveals an interesting plant response. In Experiment 1, total shoot
calcium declined linearly as ammonium-N concentration increased in the
treatments, whereas total root calcium declined in a cubic relationship to nitrogen
treatment, exhibiting a far more drastic drop in root calcium content between the
100% nitrate-N treatment and the 6% ammonium-N treatment, 30.3 to 5.6 mg

Ca/root mass, than occurred in the shoot, 85 to 71 mg Ca/head. Thus, from the

193



100% nitrate-N treatment to the 6% ammonium-N treatment, total root Ca declined
by 24.7%, whereas in the shoot Ca declined by about 17%. From these results, it
appears that in the circumstance of substantially reduced calcium uptake that
occurs at the 6% ammonium-N treatment, the plant translocates the majority of
absorbed calcium to the shoot where presumably the requirements for calcium are
greater.

The immediate and severe decline in root calcium if ammonium is present in
the nutrient solution was not duplicated for potassium. For potassium, between the
100% nitrate-N solution and the 50% ammonium-N treatment, total root potassium
declined by only 8%, from 120 mg/root mass to 110 mg/root mass. In contrast,
over that same range of treatments, total shoot potassium declined by 66%, from
599 mg/head to 205 mg/head. Potassium moves across the root symplastically,
whereas it has been proposed that calcium moves across the root to the xylem
predominantly via the apoplasm.

[t is possible that residue from the calcium carbonate buffer remained on the
roots in Experiment 2, despite having been triple washed, and so the following
discussion should be considered with a grain of salt.

In Experiment 2, in which buffering was provided for all treatments, Two
Star had a significantly higher root:shoot calcium ratio, 0.47, than did Red Deer
Tongue, 0.23. The higher root:shoot Ca ratio in Two Star may reflect lower
transpiration rates compared to Red Deer Tongue. If there were a lower

transpiration rate, less of the absorbed calcium would move from root to shoot.
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In Experiment 2, there was a linear decline in the root:shoot Ca ratio as
ammonium-N concentrations in the nutrient solution increased. The more gradual
decline in the ratio stands in stark contrast to the results in unbuffered Experiment
1, in which the calcium content of the root relative to the shoot was severely
suppressed if ammonium-N was present in the nutrient solution, regardless of its
concentration. Thus, buffering alleviated some of the effects of ammonium toxicity,
however, overall, toxicity effects were evident. For the root:shoot Ca ratio, toxic
effects manifest as greater translocation of calcium from the root to the shoot as

ammonium-N in the solution increases.

2.4.4 Nitrogen
2.4.4.1 Total Kjeldahl Nitrogen

Total Kjeldahl nitrogen [TKN] is a measure that includes several nitrogen
forms, all organic nitrogen as well as the mineral forms NH4* and NHz and NO;- in
plant tissues. The term ‘total nitrogen’ will be used interchangeably with TKN.

In unbuffered Experiment 1, total nitrogen declined linearly as ammonium-N
increased in the nutrient solution, with a high of 5.08% if nitrate-N was the sole N
supply to a low of 4.46% TKN in the 75% NH4*-N treatment. In contrast, in
Experiment 2, in which solutions were buffered, there was a linear rise in shoot TKN
as ammonium-N in the solutions increased, from a low of 4.70% in the 100%
nitrate-N treatment to a high of 5.66% TKN in the 100% ammonium-N treatment.
Furthermore, in Experiment 3, which included a buffer treatment and an unbuffered

treatment, these trends were repeated, although the values were higher, ranging
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from a low of 6.36% TKN in the unbuffered treatment to a high of 8.28% TKN in the
buffered treatment. The higher values in Experiment 3 are likely due to differences
in greenhouse conditions, higher light levels and greater warmth, when Experiment
3 was conducted in May and June, compared to the comparatively low light levels of
the winter, when Experiments 1 (December to January) and 2 (January to February)
were conducted.

In summary, increasing TKN values in our shoot samples coincided with
increases in ammonium-N in the solution, although when the hydroponic solution
was not buffered, increases occurred up to a the 25% NH4* -N treatment, then
declined progressively with each successive increase in ammonium-N in the
nutrient solution. This decline is likely a result of physical damage to the roots
under highly acidic conditions interfering with the capacity for uptake.

In ammonium-sensitive species, free ammonium accumulation in the shoot is
symptomatic of ammonium toxicity (Britto & Kronzucker, 2002; Cruz et al., 2006;
Lasa et al,, 2001). In research examining ammonium-assimilation in bean plants
and effects of acidity in the rhizosphere, Barker and Volk (1966) found that plants
transferred to an ammonium-N solution and grown without calcium carbonate
buffer accumulated free NH4* and amino nitrogen in the shoot (Barker et al., 1966).
A substantial portion of the free NH4* derived from protein degradation of pre-
existing plant nitrogen, in addition to the free NH4* that derived from the external
ammonium supply. If protein breakdown was not followed by re-assimilation of the
freed ammonium, then a restriction in protein synthesis occurred that also

prevented assimilation of ammonium that had been transported to the shoot from
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the external solution. CaCOs3 treated plants had increased free ammonium
concentration in shoots also, however that increase was much less than in the
untreated plants. Barker and Volk (1966) also found that if root-zone acidity was
controlled, more ammonium was assimilated in the roots. This action is important
for preventing ammonium toxicity, since it restricts the transport of free ammonium
to the shoots. Free ammonium in the shoots is a hallmark of ammonium toxicity.
Untreated plants showed no evidence of assimilation of NH4* assimilation in the
roots, transporting all ammonium taken up from the external solution to the shoots,
whereas in CaCOs treated plants, there was evidence of assimilation of sizeable
amounts of external ammonium in the roots. Furthermore, CaCOs3 treated plants
absorbed more external ammonium than untreated plants, so toxicity symptoms in
the untreated plants was not due to larger uptake. Untreated plants showed toxicity
symptoms within 5 or 6 days of receiving solely ammonium-N nitrogen. Calcium
carbonate delayed onset of toxicity symptoms to 10 to 14 days (Barker et al., 1966).

Based on the results of other research, increases in shoot ammonium
concentration with rising ammonium supply would be expected from ammonium-
sensitive plants, like lettuce (Lasa et al., 2001). Lasa et al. (2001) found that there is
a high correlation between ammonium accumulation and organic nitrogen content.
Thus, since TKN measures total nitrogen, and since we saw a rise in shoot TKN,
there seems to be an indication that ammonium is being transported to the shoot in
greater amounts as ammonium supply increases, indicating that the rate of

ammonium uptake has exceeded the capacity of plants for assimilation in the root.
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However, degradation of proteins without reassimilation of the freed ammonium
will lead to ammonium accumulation in tissues during ammonium toxicity also.

Capacity to assimilate ammonium in the roots is a hallmark of ammonium
tolerance as this metabolism restricts ammonium transport to shoots where it can
accumulate and cause symptoms of ammonium toxicity (Cruz et al,, 2006; Lasa et al,,
2001).

Although we did not measure shoot ammonium explicitly, we looked at TKN
as an indicator of shoot ammonium content. In unbuffered solutions (Experiment
1), Red Deer Tongue had increased shoot TKN values with increases of ammonium-
N in the supply up to 50% ammonium-N in solution, but above this supply shoot
TKN values dropped. Acidification of the hydroponic medium could possibly explain
the drop in shoot TKN at the highest ammonium-N treatments. In an experiment on
root zone acidity and nitrogen source in cattail (Typha latifolia), a pH level of 3.5
diminished nitrogen accumulation to below 10% of the maximum (Brix et al., 2002).
Acidity at these levels can affect membrane integrity and thus impair uptake.

Similarly, in Experiment 3, in the unbuffered treatment, shoot percent TKN
increased from the 100% nitrate treatment to a high in the 50% NH4*-N treatment
and showed progressive declines in percent TKN as ammonium-N increased above
that concentration, similar to the results for Red Deer Tongue in Experiment 1.
Again, it seems likely that root zone acidity affected root cell membrane integrity,
especially when in comparison to Experiment 2 and the buffered treatment in

Experiment 3.
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Shoot TKN accumulation in buffered treatments in Experiment 2, as well as
in the buffered treatment of Experiment 3, followed a more expected trend with
regard to increasing ammonium supply in an ammonium-sensitive species. The
pattern of shoot TKN concentration among treatments if the plants were in a
buffered solution followed a positive linear trend, such that the lowest values
occurred when nitrate was the sole N source and the highest under 100%
ammonium nutrition.

Lasa et al. (2001) compared strongly ammonium-sensitive spinach with
moderately ammonium-sensitive sunflower and virtually ammonium-tolerant pea
plants to determine how partitioning within the plant and nitrogen accumulation
related to ammonium sensitivity. Plants received either nitrate or ammonium
nitrogen at a 5 mM concentration. They maintained pH at near neutrality by adding
5 mM calcium carbonate. Their observations show the effects of ammonium
nutrition on ammonium-sensitive species, such as lettuce, and how those effects
differ from what occurs in ammonium-tolerant, or even only moderately
ammonium-sensitive species (Lasa et al.,, 2001).

Lasa et al. (2001) assessed nitrogen content in 6 different ways: total N by
the Kjeldahl method (as was used in our experiments), as well as nitrogen
productivity, foliar soluble protein, inorganic nitrogen content, nitrate content, and
ammonium content. They observed that, amongst the three species, ammonium-
sensitive spinach was the only one that accumulated greater ammonium
concentrations in the shoot than in the root. This greater proportion of ammonium

in the shoot than the root is similar to what was found in ammonium-sensitive bean
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as mentioned above. In pea plants, there was no difference in shoot ammonium
concentrations between nitrate-fed and ammonium-fed plants. In contrast to the
example above, in which ammonium-fed bean plants had restricted protein
synthesis in the shoots, Lasa et al. (2001) found that ammonium-sensitive spinach
under ammonium nutrition had increased organic nitrogen, 8.27%, in the shoot
compared to the organic N concentration, 5.48%, if the plants were nitrate-fed.
Moderately sensitive sunflower had only a 0.75 percentage point difference
between shoot organic nitrogen concentration under nitrate (5.98%) or ammonium
(6.73%) nutrition, whereas for ammonium-tolerant pea, the shoot organic nitrogen
concentration was statistically similar between the two nitrogen treatments at 5.19
and 5.75%. In the roots however, organic nitrogen contents rose significantly
under ammonium nutrition compared to nitrate nutrition for the ammonium-
tolerant pea and moderately sensitive sunflower, whereas for highly ammonium-
sensitive spinach there was no change. Lasa et al. (2001) suggest that, in pea and
sunflower, the increase in root organic nitrogen under ammonium indicates a
greater availability of carbon skeletons needed for ammonium assimilation in the
root. Spinach had lower photosynthetic efficiency compared to sunflower and
spinach. They assessed photosynthetic efficiency through a combination of
parameters: photosynthesis rate, stomatal conductance and transpiration rate. Lasa
et al. (2001) proposed that spinach plants lacked the capacity to supply substrate
for ammonium assimilation, and when ammonium uptake exceeded capacity for
assimilation in the root, transported free ammonium to the shoot, which as

mentioned earlier, is a frequently seen condition in ammonium sensitive plants;
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thus, there was higher organic nitrogen content in the shoots of spinach plants,
whereas in spinach roots organic nitrogen content was unchanged. In addition,
spinach was the only species in their study that had higher free ammonium
concentration in the shoot than in the root.

For our experiments, if the hydroponic medium was not buffered, total
Kjeldahl nitrogen increased, up to a point, as ammonium-N increased in the nutrient
solution and then dropped off. Two Star was an exception in Experiment 1,
however. Highest shoot TKN occurred under the 100% nitrate-N treatment.
Acidification of the medium due to ammonium uptake and lack of assimilation of
ammonium likely played a role in this pattern of TKN percentage in the shoot in
response to increasing ammonium supply. However our results if the medium was
buffered show similarities to what was seen in spinach plants in the experiments by
Lasa et al. (2001), in which treatment solutions were also buffered. In unbuffered
solutions in Experiment 2, total Kjeldahl nitrogen increased linearly with increases
in ammonium supply, increasing by 0.96 percentage points from 4.70 to 5.66%. In
the buffered treatments of Experiment 3, total Kjeldahl nitrogen increased by 1.67
percentage points from the lowest value of 6.61% under 100% nitrate-N to the
highest value of 8.28% under 100% ammonium-N. These increases resemble the

increases seen in ammonium-sensitive spinach described above.

2.4.4.2 Nitrate
There is general concern amongst consumers about nitrate levels in food.
Nitrogen treatments in our experiments resulted in lettuce heads with high nitrate

content as defined by the World Health Organization (WHO). The WHO set
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guidelines for acceptable nitrate levels of consumption at 3.7 mg nitrate-N per
kilogram body weight per day (Katan, 2009). For a 60 kg (132 1b.) individual, this
guideline indicates that daily consumption should not exceed 222 mg nitrate-N. In
Experiment 3, the only experiment for which shoot nitrate levels were measured,
Red Deer Tongue had shoot nitrate contents that ranged from 180 to 232 mg/head
if nitrate-N comprised 75% or greater of the total N supply, and Two Star contained
between 173 and 242 mg NO; /head if nitrate comprised 88% or greater of the total
N supply. As the concentration of ammonium-N rose in the treatments, shoot

nitrate-N levels declined to below 100 mg per lettuce head.

2.4.5 Conclusion

Care must be taken in selecting the appropriate proportions of ammonium
and nitrate used to fertilize lettuce. If ammonium-N comprises more than 50% of
the total nitrogen supplied, growth suppression and reduced uptake and
accumulation of the cationic nutrients, potassium and calcium, will occur. Although
calcium carbonate buffering can ameliorate the effects, it does not eliminate
ammonium toxicity symptoms.

Acidification of the nutrient solution exists as an essentially separate though
related condition to ammonium toxicity. Declines in pH preceded suppression of
growth in buffered and unbuffered solutions and preceded reductions in potassium
and calcium concentrations if solutions were not buffered.

Varieties of lettuce vary in their sensitivity to ammonium toxicity. Heirloom

varieties may be more ammonium-tolerant than modern varieties. Two Star, the
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larger, modern lettuce cultivar was more ammonium-sensitive than Red Deer
Tongue, the heirloom and the smaller lettuce, particularly if treatments were not
buffered.

A dilution effect does not necessarily result from breeding for higher yields.
Optimum potassium concentrations were similar between Red Deer Tongue and
Two Star. On the other hand, Red Deer Tongue was superior to Two Star with
regard to calcium concentration.

Improving calcium and potassium nutrition in lettuce will involve both
selection of high-performing varieties and appropriate choices in nitrogen

fertilization practices.
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