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All vascular plants require boron (represented by “B” on the periodic 
chemical chart) (Augsten and Eichhorn, 1976; Dugger, 1983; Loomis 
and Durst, 1992), but this does not necessarily imply that boron is essen-
tial for the viability of all suspension-cultured higher plant cells. Some 
cell may not have the requirement(a fully grown cell for example), 
while most in general do. The entire plant has a B requirement. Of all 
known plant micronutrient deficiencies, that of boron is most wide-
spread (Gupta 1993). A deficiency of boron, shown by a positive re-
sponse to boron application, has been reported in more than 80 countries 
and for 132 crops over the last 60 years (Shorrocks 1997). Boron is ab-
sorbed from the soil solution by roots mainly as undissociated boric 
acid. Its uptake in higher plants is closely related to the pH and boron 
concentration in the soil solution, and is probably a passive process. Its 
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Lily pond, Marin county CA. There are 6 aquatic plant species here, a lily, a pond-
weed, hornwort, Horse Tail, a Sedge and a Smartweed (Polygonum).  
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distribution in plants is primarily governed by the transpiration stream through the xylem 
(Raven 1980), although it is also phloem mobile, and considerable amounts might be retranslo-
cated (Shelp 1993, Brown and Shelp 1997). Boron is an important micronutrient for vascular 
plants, diatoms and some species of marine algal flagellates, although it is apparently not re-
quired by bacteria, fungi, green algae or animals (Loomis and Durst 1992). Some species of 
cyanobacteria require boron for nitrogen fixation. That boron is essential for the growth and 
development of higher plants was first demonstrated in 1923 by Warington. Since that time, our 
knowledge of the importance of boron in agriculture has grown rapidly but many aspects about 
it are still unknown. 

Pondweed in California 
Molydeum 
 
Molydeum (Mo) is actually required in the smallest amount of any essential nutrients. Ironi-
cally, much more is known about Mo than B. Apart from Cu, Mo is the least abundant essential 

micronutrient found in most plant tissues and is often set as the base from which all other nutri-
ents are compared and measured. Molybdenum is utilized by selected enzymes to carry out re-
dox reactions. Enzymes that require molybdenum for activity include nitrate reductase, xanthine 
dehydrogenase, aldehyde oxidase and sulfite oxidase. The transition element molybdenum is 
essential for (nearly) all organisms (unlike Boron) and occurs in more than 30 enzymes catalyz-
ing diverse redox reactions; however, only three Mo-enzymes have been found in plants so far 
(1999, Mendel and Schwarz). These enzymes are highly “conserved” in all biological groups. 
This “conservation” means that they are retained genetically as evolution progressed throughout 
the eons while other aspects and enzymes changed and evolved into other things that changed. 
Even birds, humans on down to the bacteria possess some very similar enzymes and more 
closely related than we often like the think. These enzymes are coded in the DNA and the 
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changes can be measured through time quantita-
tively and within biological groups. Much like a 
paternity test to see who is related to the father 
or mother, or a crime scene DNA sample, the 
same can be done for any biological organism’s 
DNA that code for a specific enzyme. This tool 
is one of the very exciting aspects of taxonomy 
and evolution that have revolutionized Biology 
in the last 25 years. Such enzyme codes in the 
DNA can be cut and transferred from one organ-
ism and inserted into another, these are the so 
called genetically modified organisms (GMO’s).  
Some plants (weeds and other pest tend to be 
good at this) can do this naturally and get a new 
enzyme from another plant with slightly differ-
ent genes. 
 
There are three main Mo enzymes that have 
been studied well for the last 10 years. Nitrate 
reductase (NR) catalyzes the key step in inor-
ganic nitrogen assimilation (Reduces NO3 to 
NO2 and then quickly to NH4 for assimilation 
into amino acid production), (2) aldehyde oxi-
dase (s) recently have been shown to catalyze 
the last step in the biosynthesis of the phytohor-
mones indole acetic acid (IAA) and abscisic 
acid (AB), respectively, and (3) xanthine dehy-
drogenase is involved in purine catabolism. 
These enzymes contain an electron transport 
chain that involves different prosthetic groups 
(FAD, heme, or Fe-S, Mo). With the exception 
of bacterial nitrogenase, Mo-enzymes share a 
similar compound at their catalytic sites, the 
molybdenum cofactor. Molybdenum itself 
seems to be biologically inactive unless it is 
complexed by the cofactor. This molybdenum 
cofactor combines with diverse proteins where it 
is responsible for the correct anchoring and po-
sitioning of the Mo-center within the enzyme so 
that the Mo-center can interact with other com-
ponents of the enzyme's electron transport chain. 
The core structure of molybdopterin is 
“conserved” in all organisms. The biosynthetic 
pathway seems to be conserved because a simi-
lar set of cofactor genes has been found in  all 
bacteria and higher plants investigated (Mendel 
and Schwarz, 1999). The molybdenum cofactor 
(Moco) forms the active site of all eukaryotic 
molybdenum (Mo) enzymes. Moco consists of 
molybdenum covalently bound to two sulfur 
atoms of a unique tricyclic pterin moiety re-
ferred to as molybdopterin. Moco is synthesized 
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Does EI work with hard to grow plants? See above. 
Continued on page 4 



Continued on page 5 

from GTP by an ancient and conserved biosynthetic pathway that can be divided into four steps 
involving the biosynthetic intermediates cyclic pyranopterin monophosphate, molybdopterin, 
and adenylated molybdopterin. In a fifth step, sulfuration or bond formation between Mo and a 
protein cysteine result in two different catalytic Mo centers. There are four Mo enzymes in 
plants: (1) nitrate reductase catalyzes the first and rate-limiting step in nitrate assimilation and is 
structurally similar to the recently identified, (2) peroxisomal sulfite oxidase that detoxifies ex-
cessive sulfite. (3) Aldehyde oxidase catalyzes the last step of abscisic acid biosynthesis, and 
(4) xanthine dehydrogenase is essential for purine degradation and stress response (Mendel and 
Schwarz, 2006). 

Many schooling fish best express their behavior when given ample room. Adding many school 
fish to a small space does not allow for the same behavior due to crowded conditions. Thus if 
the aquarist seeks to have a nice school of fish that acts as one unit, it is best to have a larger 
tank. Note slight yellowing on the Cyperus, this is due to low CO2 and NO3.  
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Molybdate transport systems in E. coli 
 
The model above gives three probable transport systems that are likely similar in higher plants (due to the conserved nature of these 
protein enzymes). Several analogs are able to be transported via these Mo transport proteins and thus measured to get a rate of uptake 
and inhibition rates etc. For the nitrate reductase enzyme, ammonia (NH4+) acts as a nutritional repressor of the complete enzyme 
complex. Incorporation of the trace metal into the pre-existing inactive enzyme will start activity and some algae appear to be able to 
do this under limiting conditions. Thus the cell will produce the enzyme without the Mo, and wait till it can get some to start reduc-
ing NO3 to NO2. This pre assembly of the enzyme allows rapid production of the enzyme once the trace metal is acquired. Tungsten 

seems to act by replacing 
molybdenum in the nitrate 
reductase complex, thus 
rendering inactive the 
FNH2-nitrate reductase por-
tion of the NR complex
(Vega et al, 1971). Plant 
cells will store the much less 
toxic form of nitrogen NO3 
in the plant cell’s vacuole. 
This is a reserve for the 
plant when nitrogen need 
are low and the availability 
of NH4 is no longer energy 
efficient to meet he N de-
mands of the plant. This 
starts the reduction of 
NO3=> NO2(toxic)=> NH4
(toxic)=> glutamine. Note 
that both NO2 and NH4 are 
toxic. The enzymes involved 
in reducing NO2=> NH4 
and NH4=> glutamine are 
very rapid (Taiz and Ziegler, 
1998). What might happen 
to the cell if the NO3=> 
NO2 was fast and these 
other two pathways where 
slower? A build up of toxic 
nitrogen compounds that 
will lead to cell death. High 
levels of NO2 and NH4 will 
kill plant cells and this is 
also true for external fertiliz-
ers, adding high levels of 
NH4 will kill leaves. A Mo 
limited plant will be unable 
to fully utilize the NO3 
added.  
 
One study suggested a syn-

ergistic effect between B and Mo dosing in soybeans with increases in anti oxidant enzymes such as SOD(superoxide dismutase), 
PPO (Polyphenol oxidase) , POD (peroxidase), CAT (catalase) and AP (ascorbate peroxidase) ( Lui and Yang, 2001). Such oxidation 
can cause problems with the plasma membranes (lipids- highly reduced carbon chains) and these are oxidized producing something 
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From: KAISER, B. N. et al. Ann Bot 2005 96:745-754; doi:10.1093/aob/mci226 
                                                                                                                        Figure 1 
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very toxic: malondialdehyde (MDA). This compound will rapidly kill cells. Applying Mo or B alone raised the ability of antioxidant 
levels of soybean leaves. An anthocyanin-less mutant of Brassica rapa ("fast plants") was compared with varieties containing normal 
or high anthocyanin levels (Hale et al, 2005). The anthocyanin-less mutant did not show accumulation of a blue Mo compound when 

supplied with molybdate. In the anthocyanin-containing varieties, the blue compound local-
ized with anthocyanins in the peripheral cell layers. Mo accumulation by the three B. rapa 
varieties was positively correlated with anthocyanin content. Addition Therefore, Mo ap-
pears to be sequestered in vacuoles of the peripheral cell layers of Brassica spp. as a blue 

compound, probably a Mo-anthocyanin complex. This shows how some trace metals can 
influence coloration and chemical content in some plant species. Note, it’s important to note 
that this is not an aquatic macrophyte but given the highly conserved nature of Mo in bio-
chemistry of organisms, it’s still fairly strong support nonetheless. Loss of Mo-dependent 
enzyme activity (directly or indirectly through low internal molybdenum levels) impacts 

upon plant development, in particular, those processes involving nitrogen metabolism and 
the synthesis of the phytohormones abscisic acid and indole-3 butyric acid. Currently, there 
is little information on how plants access molybdate from the soil solution and redistribute it 
within the plant. Molybdenum deficiencies are considered rare in most agricultural cropping 

areas; however, the phenotype is often misdiagnosed and attributed to other downstream effects associated with its role in various 
enzymatic redox reactions. Molybdenum fertilization through foliar sprays can effectively supplement internal molybdenum deficien-
cies and rescue the activity of molybdoenzymes (Kaiser, et al 2005). The current understanding on how plants access molybdate from 
the soil solution or later redistribute it once in the plant is still unclear; however, plants have similar physiological molybdenum trans-
port phenotypes to those found in prokaryotic systems. Thus, careful analysis of existing prokaryotic molybdate transport mecha-
nisms, as well as a re-examination of know anion transport mechanisms present in plants, will help to resolve how this important 
trace element is accumulated. See figure 1. 

 

Molybdenum Deficiency and Excess: 
Plants require molybdenum levels of 0.1 to 2.5 ppm in their tissues for normal growth. Its 
availability increases with soil pH, meaning deficiency symptoms occur most frequently 
under acid soil conditions. Molybdenum availability varies with soil type, being highest on 
organic soils, less on clays, and least of all on sandy-textured soils. Molybdenum deficiency 
symptoms are very similar to those for nitrogen: pale-green to yellow leaves; yellow spots 
on leaves; marginal chlorosis along side and tip of blade; thick cupped leaves; reddish-
brown coloration of stems and petioles; and whiptail leaves (narrow irregular growth). The 
marginal chlorosis exhibited by some plants looks similar to potassium deficiency. A low 
rate of foliar sprays can generally correct a deficiency. Excess levels of molybdenum on 
forage crops can cause a disease called "molybdenosis," heart disease, and scouring in rumi-

nant animals. High molybdenum content in forage crops can also interfere with copper uptake in ruminant animals ultimately caus-
ing a copper deficiency. Therefore, caution is wise when applying molybdenum to aquatic plants with aquarium fish and inverte-
brates. 
 

Boron: 
 
In general, there is a small concentration range between deficiency and toxicity; however, toxicity due to excess B is much less com-
mon in the environment than B deficiency. Levels of B in aquatic plants growing in areas receiving B-rich runoff from irrigated 
fields are higher than dietary concentrations, which cause effects on the growth of young birds in the laboratory; however, the 
bioavailability in the field of such plant-accumulated B is uncertain. Boron is a naturally occurring element that is found in the form 
of borates in the oceans, sedimentary rocks, coal, shale, and in some soils. Borates are released naturally into the atmosphere and 
aquatic environment from oceans, geothermal steams, and weathering of clay-rich sedimentary rocks. B is also released to a lesser 
extent from anthropogenic (human) sources. B concentrations in air range from <0.5 to 80 ng/m3 with an average of 20 ng/m3, and 
in soils from 10 to 300 mg/kg with an average of 30 mg/kg. Concentrations of B in surface freshwaters are typically <0.1-0.5 mg/L; 
much higher concentrations are measured in a few areas, depending on the geochemical nature of the drainage catchment. B accumu-
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lates in both aquatic and terrestrial plants, but it does not appear to be biomagnified through the food chain. No observed effect con-
centrations (NOECs) for aquatic invertebrates tend to be in the range of 6-10 mg B/L with lower values of 1-2 mg/L for community 
studies. No effect concentrations for fish in natural waters are around 1 mg/L, although lower values have been recorded in reconsti-
tuted water. Comparing no effect concentrations with the general ambient environmental levels indicates that the risk to aquatic eco-
systems from B is low. In a few B-rich areas, natural levels will be higher; however, there is some indication that organisms may be 
adapted to the local conditions. This is generally true for many nutrients. B is an essential micronutrient for higher plants with inter-
species differences in the levels required for optimum growth. Relative to (Fe) iron, (B) boron requirements tend to about 5:1 Fe:B  
for plant tissues. Most is locked up in cell structure (cell walls). B is involved in the reduction of Fe in roots to a form that dicots can 
use, (3) B deficiency can decrease Mg concentration in actively growing root tips and Ca levels in cells at the root apex, and (4) B 
can influence the uptake of K. Using controlled tests in growth chambers with squash plants, it was determined that B deficiency 
interferes with the enzymatic reduction of ferric iron to the ferrous ion, disrupting iron uptake by the plant. Boron deficiency resulted 
in the accumulation of iron in the root and a much lower shoot iron content. A similar enzymatic process, ferricyanide reduction, was 
also inhibited by B deficiency. These results indicate that B deficiency can inhibit uptake of other nutrient ions, leading to numerous 
secondary effects on plant growth and nutrient content (Phosphate and potash institute, 1999). (Boron (B) is an enzyme activator and 
is involved in the production of starch required for production of cellulose. The major function of boron is in sugar transport to mer-
istem regions of roots and tops. This is evidenced by the fact that transport of sugars is retarded in boron-deficient plants, resulting in 
reduced growth. Boron is also thought to be involved in cell formation and development; nitrogen metabolism; flower fertilization; 
active salt absorption; hormone, fat, and phosphorus metabolism; and photosynthesis. However, the general consensus is that all of 
these metabolic processes benefit directly from the influence of boron in sugar transport throughout the plant. 

 
Mobility of Boron: 
 
In species in which boron (B) 
mobility is limited, B defi-
ciency only occurs in grow-
ing plant organs. As a conse-
quence of the highly local-
ized patterns of plant growth 
and the general immobility 
of B it has been extremely 
difficult to determine the 
primary function of B in 
plants. In species in which B 
is phloem mobile, the re-
moval of B from the growth 
medium results in the deple-
tion of B present in mature 
leaves. Thus, it is possible to 
develop mature leaves with 
increasingly severe levels of 
B depletion, thereby over-
coming the complications of 
experiments based on grow-
ing tissues (Brown and Hu, 
1997). Purification and iden-
tification of the first boron-

polyol transport molecules resolved much of the controversy about boron phloem mobility. Isolation and characterization of the bo-
ron-polysaccharide complex from cell walls provided the first direct evidence for boron crosslinking of pectin polymers. Inhibition 
and recovery of proton release upon boron withdrawal and restitution in plant culture medium demonstrated boron involvement in 
membrane processes. Rapid boron-induced changes in membrane function could be attributed to boron-complexing membrane con-
stituents. Boron may affect metabolic pathways by binding apoplastic proteins to cis-hydroxyl groups of cell walls and membranes, 
and by interfering with manganese-dependent enzymatic reactions (Blevins and Lukaszewski 1998). In plum trees, boron depletion 
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resulted in a severe disruption of plant growth and metabolism in young growing tissues (Brown and Hu, 1997). Thus there are plant 
species specific cases that likely allow some translocation of boron to new young tissues, but in other species, there is no such 
mechanism and they will express boron deficiencies in the young growing tips. The first visible symptom of boron deficiency is 
death of the growing tips. This disorder is generally followed by growth of lateral shoots, the tips of which may also be deformed or 
die. The leaves of boron-deficient plants are usually thick, have a coppery texture, and become curled and brittle. Other symptoms 
include stunted roots, failure to set flowers, or flower abortion. Boron deficiency causes internal tissues to disintegrate, causing ab-
normalities such as distorted, cracked, or hollow stems. Some crops exhibit specific symptoms. Beets, turnips, and potatoes exhibit 
poor tuber development. Apples have cork spot. Grapes form mixed clusters of small and large fruit, known as "hen and chicks." 
Cotton leaves become thick and leathery with abnormally long spongy petioles. The shorter leaf petioles are often twisted and have 
small ruptures along the stem. The fruit and leaves exude a sticky substance. Flower buds become chlorotic with flared bracts. The 
squares and bowls dry up and often abort. Bolls that survive generally are deformed, are smaller in size, and fail to open fully. Soil 
analysis does not measure levels of boron because no reliable tests are available. However, a report may recommend applying boron 
for crops that are known to respond to it, such as alfalfa, apple, cotton, peanut, sweet potato, and several vegetable and flower crops. 
Rates range from 1.0 to 3.0 lbs B/acre, depending on the crop. Changes in the cell wall and at this interface are considered to be a 
primary effect of B deficiency, which leads in turn to a cascade of secondary effects in metabolism, growth and plant composition. 
An aquarist should never assume that the deficiency described from agricultural text extends to every plant species nor 
aquatic macrophytes. So is this still useful information? It does give the aquarist a good place to start and look though for possible 
signs. Secondary and multiple downstream effects from other deficiencies can cause many myths and visual misinterpretations as 
well as generalizing too much about deficiency symptoms. 

 
Uptake of Boron: 
 
Experimental evidence suggests that B uptake is the result of the 
passive assimilation of undissociated boric acid (Hu and Brown, 
1997). Boron uptake by a particular species should, therefore, be 
primarily determined by the B concentration in the soil solution and 
the rate of water uptake by the plant. This simple explanation of B 
uptake, however, does not adequately explain field observations 
where dramatic differences in B concentrations are observed be-
tween species, even when these species are grown under similar en-
vironmental conditions. It is still unknown why such differences 
exist between field and green house studies. Boron seems to be of 
crucial importance for the maintenance of structural integrity of 
plasma membranes. This function of B is mainly related to stabiliza-
tion of cell membranes by B association with membrane constitu-
ents. Possibly, B may also protect plasma membranes against peroxi-
dative damage by toxic O2 species (Cakmak and Römheld, 1997). . 

In the Brassicaceae, Apiaceae, Chenopodiaceae, Asteraceae, Amaryllidaceae, and Liliaceae, nearly all the cell wall B is associated 
with RG-II, while in the Cucurbitaceae, only half of the cell wall B is in this complex. In duckweed, a different type of B-
polysaccharide complex has been identified (Matoh,1997). . The 
higher boron requirements of dicotyledonous (dicots) species, com-
pared to graminaceous species (grasses- monocots), is presumably 
related to the higher proportions of compounds with the cis-diol con-
figuration in the cell walls, such as pectic substances (Loomis and 
Durst 1992). It has been shown by Tanaka (1967) that the content of 
strongly complexed boron in the root cell walls is 3-5 µg g-1 dry 
weight in graminaceous species such as wheat, and up to 30 µg g-1 dry 
weight in dicotyledonous species such as sunflower. These differ-
ences roughly reflect the differences between these two crops in boron 
requirements for optimal growth. Thus this would suggest that in 
aquatic plant growth, we might expect to see deficiencies in the dicots 
first.   
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Foliar application of 10B to mature leaves was translocated to the meristematic 
tissues only in Tobacco. The results show that the concentration of the boron-
complexing sugar alcohol in the plant tissue has a significant effect on boron 
uptake and distribution in plants, whereas the translocation of the foliar-applied 
10B from the mature leaves to the meristematic tissues verifies that boron is mo-
bile in sorbitol-producing plants (Bellaloui et al, 1988). This suggests that such 
cultivars with an increased sugar alcohol content can result in increased boron 
uptake, with no apparent negative effects on short-term growth. 
 
The effect of pH on uptake in Aponogeton elongatus (Crosseley 2002). (A) Milli-
grams of B per dry weight and (C) ppm per unit of dry weight of foliage, tubers 
and roots of an average plant. Graph (E) shows the mean effect of pH on boron 
content in the water (mg/l) of two runs. The control is a pH of 8.4, treatments 
with a common letter are not significantly different at the 5% level. 
 
Current research suggest that boron uptake is a passive process and that its rate is 
determined by the boron concentration in the medium and the formation of boron 
complexes in plants (Brown and Hu, 1994). Species and cultivars, however, dif-
fer significantly in boron uptake even when grown under identical environmental 

conditions that are characteristic of selective ion uptake. The mechanisms under-
lying species differences in boron uptake are unknown, but may result from dif-
ferences in membrane permeability (Nable and Paull, 1991), the ability of a spe-
cies to translocate boron (Bellaloui and Brown, 1998 ) and mobilize it within 
the plant (Brown and Shelp, 1997 ), the formation of boron complexes in the 
cell (Hu and Brown, 1997 ), or other, as-yet-unidentified mechanisms. The 
hypothesis that an active, carrier mediated process is involved in B uptake at low 
B supply is supported by research demonstrating that B uptake can be stimulated 
by B deprivation, that uptake rates follow a Michaelis-Menton kinetics, and can 
be inhibited by application of metabolic inhibitors. Since the mechanisms of ele-
ment uptake are generally conserved between species, an understanding of the 
processes of B uptake is relevant to studies in both plants and animals. B uptake 
occurs via passive diffusion across the lipid bilayer, facilitated transport through 
major intrinsic proteins (MIPs), and energy-dependent transport through a high 
affinity uptake system. Whereas the first two represent passive uptake systems, 
which are constitutively present, the latter is induced by low B supply and is able 
to establish a concentration gradient for B between the root symplasm and the 
external medium. At high B supply, a substantial retention of B can be observed 
at xylem loading, and passive processes are most likely responsible for that. At 
low B supply, another energy-dependent high affinity transport system for B 
seems to be induced which establishes an additional concentration gradient be-
tween root symplasm and the xylem(Shelp, 1988). 

 
Conclusions 
 
Both Mo and B are essential like nitrogen and phosphorus, but they play less obvious roles in aquatic plants. Determining how much 
and what the symptoms of too much or too little of each of these micronutrients have challenged horticultualist for many years. Un-
derstanding what types of roles each micronutrient in plant metabolism allows the aquarist to be able to predict possible deficiency 
or excess symptoms. Plant species difference can cause disagreements but the aquarist should not assume that all plants will act the 
same when faced with the same situations nutritionally. Uptake transporters have been characterized for Mo, but not for B, although 
the evidence suggest there is a high affinity B transporter.  Both micronutrients appear to have a wide range of concentrations that a 
wide range of plant species can grow at, but many trace mixes often do not add either of these. Both appear to be taken up rapidly via 
the leaves in crops and this is likely true of the aquatic plant species as well. 
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