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Abstract Humic acids are ubiquitous, organic-end-
products of the chemical and microbial degradation
of dead biota in soils throughout the world. Humic
acids can be transported in soil water as heteroge-
neous, supra-molecular, colloidal-agglomerates. Hu-
mic acid accumulation in the rhizosphere of
transpiring plants may chemically stimulate devel-
opment by increasing root availability of mineral
nutrients and/or growth regulatory biomolecules.
This report introduces novel, physical mechanisms
by which humic acid can also reduce plant
development. Effects of humic acid addition to the
root media of intact maize plants (Zea mays L.) on
their growth, transpiration and resistance to water
deficits were assayed, as were the effects of
external humic acid on the hydraulic conductivity
of excised primary-roots. Humic acid reduced shoot
growth, transpiration and resistance to water stress
but not root growth. Root hydraulic conductivity
was reduced by up to 44% via a time-,
concentration- and size-dependent fouling mecha-
nism resulting from humic acid accumulation at
root cell-walls. Thus, humic acid is shown, appar-
ently for the first time, to be able to exert novel
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physical effects in addition to its known chemical
effects on plant development.
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Introduction

Humic acids are components of the ubiquitous, organic-
end-products formed by the chemical and microbial
degradation of dead biota in soils, waters and sediments
throughout the world. They can represent a major part of
total soil organic matter, act as sinks for atmospheric CO,
and enable pollutant transport. In water, small units of
humic acid with molecular masses in the 1,000 to
2,000 kDa range can form heterogeneous, micelle-like,
supra-molecular colloidal-agglomerates with molecular
masses >66,000 kDa and diameters reaching 800 nm.
The agglomerates are held together by weak hydropho-
bic and electrostatic bonds and can be associated with
mineral nutrients and small growth regulatory biomole-
cules which may affect plant, microbial and animal
ecosystems (see comprehensive reviews and references
cited by Chen and Aviad 1990; Piccolo 2001; Sutton
and Sposito 2005; Steinberg et al. 2008).

Humic acid concentrations in fertile soils may
reach hundreds of mg L' and external concen-
trations up to 300 mg L' can stimulate the growth
of higher plants in hydroponic culture. The stimula-
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tory mechanisms may involve increases in the
availability to plant roots of essential mineral
nutrients or growth regulatory substances. Soil
solutions containing humic acids can be carried to
the water absorbing root surfaces of transpiring
plants by mass flow. There, partial disruption of
humic acid agglomerates by root secreted organic
acids may then release individual growth regulatory
molecules that are small enough to penetrate through
the cell wall matrix to the cell membrane and effect
changes in gene expression or enzyme activities
(Piccolo et al. 1996; Pinton et al. 1999; Canellas et
al. 2002; Quaggiotti et al. 2004; Muscolo et al. 2007;
Zandonadi et al. 2007; Schmidt et al. 2007; Canellas
et al. 2008; Aguirre et al. 2009). In addition, indirect
effects of humic acids on soil structure and soil
microflora have also been suggested (Chen and
Aviad 1990; Chen et al. 2000; Atiyeh et al. 2002:
Arancon et al. 20006).

However, the stimulatory effects of humic acid on
plants may dissipate with further increases in concen-
tration and clear reductions in plant growth, as soil
concentrations of humic acid increased, were shown
by Vallini et al. (1993) and by Atiyeh et al. (2002).
Effects of humic acid on plant development have
generally been ascribed to the chemical effects of
associated mineral nutrients or growth regulatory
molecules. For example, a recent report by Muscolo
and Sidari (2009) showed that known concentrations
of a carboxylic fraction extracted from humic acid
increased the growth of tissue cultured plant calli
while a phenolic fraction at the same concentrations,
reduced growth and even induced cell death. Howev-
er, the concentrations and precise identities of any
humic acid derived chemicals in the rhizosphere that
may affect whole plant growth, have yet to be
established (cf.Dobbss et al. 2007; Schmidt et al.
2007).

The involvement of humic acids in plant growth
stimulation or reduction and the possible mechanisms
involved, are of practical interest since natural soil
levels of humic acid may be progressively increased
by agricultural practices involving frequent soil
additions of humate rich manures, composts, sewage
sludge or processed sewage effluents (Rebhun and
Manka 1971; Chen and Aviad 1990; Haynes and
Naidu 1998). We report here on a novel, non-
chemical mechanism by which humic acid can
adversely affect plant development.

@ Springer

Asli and Neumann (2009) showed that inorganic,
colloidal-suspensions of bentonite clay, or of nano-
sized titanium dioxide particles, in the water supplied
to plant roots could reduce root hydraulic conductiv-
ity by purely physical fouling mechanisms and
thereby reduce transpiration and leaf growth. The
possibility that organic colloids, such as the humic
acids found in soil waters, may similarly interact with
plants, does not appear to have been previously
investigated. The specific aims of this laboratory
study were therefore to determine:- 1). The effects of
additions of humic acid (1 g L") on physiological
aspects such as growth, transpiration and ability to
withstand soil water deficits, in whole maize plants
(Zea mays L.). 2). The effects of humic acids, at 0.01,
0.3 or 1.0 g L', on the hydraulic conductivity of
maize seedling roots 3). The possible involvement of
physical interactions between humic acid and root cell
walls.

Materials and methods

Plant material Seeds of Zea mays L (Cv 32p75,
Milchan Brothers, Ashdod, Israel) were germinated
and unless otherwise stated, were grown in aerated
hydroponic media in a light and temperature regulated
growth chamber under 12 h photoperiods. Further
details concerning growth conditions and some of the
assay techniques briefly described below are reported
in Asli and Neumann (2009).

Humic acids Humic acid derived from an unidentified
source of coal was purchased from Sigma Aldrich. In
addition, certified sources of Pahokee peat derived
humic acid and of Leonardite derived humic acid were
purchased from the International Humic Substances
Society (St. Paul MN, USA). The humic acids were
prepared according to the protocol in Hong and
Elimelech (1997) and aqueous suspensions of
<1 g L' at pH 6.8 were used for the assays.

Leaf and root growth rates Leaf elongation was
assayed at 5-10 h intervals for 48 h by following length
increases in emerging primary leaves of uniform maize
seedlings. Leaf growth rates were based on up to 20 h of
linear growth before the end of the logarithmic phase of
elongation. Primary root elongation rates were based on
the increase in length of marked roots over 3 d.



Plant Soil (2010) 336:313-322

315

Transpiration Transpiration rates were assayed
gravimetrically using whole seedlings grown in
hydroponics. The seedlings which were selected
for uniform size, had open first and second leaves
and an emerging third leaf. The seedling roots were
loosely sealed in light proof plastic vials which
were 3/4 filled with 0.1 mM CaCl, with or without
humic acid at 1 gL™'. Plants with their foliage
removed and the remaining stump capped with
Parafilm, were used as controls. Transpiration was
assayed by following weight loss for 3 h with an
electronic balance, subtracting control values and
dividing by leaf surface area. A factor relating 1 g of
leaf fresh weight to 65.1 cm® of open leaf area was
determined for 30 plants and used to convert leaf
fresh weight of assayed plants to leaf area (circa
13 cm? per plant). Oxygen levels in the root media at
the beginning and end of 3 h transpiration assays
were measured using a dissolved O2 probe (Cyber-
scan, DO 300; Eutech Instruments Europe BV,
Nijkerk, the Netherlands) and decreases of circa
20% were measured with or without humic acid.

Root cell wall pore size The effects of prior humic
acid perfusion on mean diameters of the nano-sized
pores traversing the cell wall matrices of living
maize roots were determined by observation of
cytorrhysis i.e. root collapse (Carpita et al. 1979;
Asli and Neumann 2009). This was induced by
sequential exposure to hypertonic solutions of PEG
molecules with hydrodynamic diameters ranging
from 0.9 nm to 7 nm (Kuga 1981). The concen-
trations of PEG 200, 1,500, 4,000, 6,000 and 10,000
(57.84, 180.71, 204.17, 201.62 and 210.54 g PEG
per 1,000 g water, respectively) were fixed using the
calibration of Money (1989) to give the same
solution water potential of —0.7 MPa for all PEG
treatments. Batches of 10 control or colloid treated
roots were gently rinsed and transferred to Petri
dishes containing 50 ml of PEG 200 solution and
then transferred at 50 min intervals to PEG solutions
with higher molecular weights and hydrodynamic
diameters. When the external PEG molecules were
too large to penetrate the pores in the cell walls, an
osmotically induced efflux of cell water resulted in
inward collapse and root cytorrhysis. Flattened,
ribbon-like, roots could then be observed through a
binocular microscope and average pore diameters
calculated.

Leaf curl determination Uniform seedlings were
planted in well drained pots containing 500 g of local
clay soil with one maize seedling per pot and five pots
per treatment. The pots were flood irrigated with 0.1
strength nutrient solution at 48 h intervals for 7 days.
The treatment was continued with or without addition
of 1 g L! humic acid for a further 7 days. The plants
then had 4 open leaves and drought was initiated by
cessation of irrigation. Leaf curling, an early symptom
of plant water stress (e.g. Cochard 2002) was initiated
circa 30 h after cessation of irrigation and plants
routinely attained 100% leaf curl circa 3 hours later.
The total percentage of leaves in each treatment
showing leaf curl was determined at the indicated
times.

Root hydraulic conductivity One cm lengths at the cut
ends of excised primary roots (6 cm long) were fitted
into marked glass capillary tubes. Silicon grease and
Parafilm wrapping were used to carefully seal the
junction between capillary tube and root. The pro-
truding 5 cm of up to 11 roots with intact tips were
immersed vertically in 1 liter light proof containers
with a 1 cm space between each root. The containers
were filled with continuously stirred solutions of
0.1 mM CaCl, without or with humic acid. Water-
flow through the roots was followed by measuring the
rise of menisci in the protruding capillaries induced
by pressurizing the root container to 10 KPa. Hy-
draulic conductivity was linear for at least 5 h and
assays were based on flow rates measured at 10 min
intervals from 30 to 40 min after commencement of
pressurization. Axial hydraulic conductivity of the
xylem increased with xylem maturation from 2 cm
behind the tip (not shown). Thus, 3 cm of root starting
2 cm behind the tip was taken to represent the region
of effective water uptake in the calculation of
hydraulic conductivity. Roots which gave pressurized
flow rates >0.3 pL min ! in the first 30 min also
allowed aberrant transport of high mol wt dextran
blue (0.4 g L") through to the glass capillary; these
roots were considered leaky and discarded.

For killed “root-ghost” assays the protruding 5 cm
of roots fitted to capillaries as above were contacted
with hot (80°C) ethanol for 1 min and gently rinsed in
water prior to the flow assay. Killed roots which gave
pressurized flow rates >0.55 pL min ' were consid-
ered leaky and discarded. Hydraulic conductivity of
live and killed roots was calculated as m® solution
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transported per m? effective root area per second per
MPa applied pressure.

Statistics All experiments were replicated one or
more times with similar results. Differences between
treatments were estimated by paired two-sample t
tests or one way ANOVA, using the analysis tool box
in GraphPad Prism version 3.00 for Windows, Graph-
Pad Software, San Diego California USA.

Results

Adverse whole plant responses to root addition
of humic acid

Soil grown plants in pots were repeatedly irrigated for
6 weeks with nutrient solution containing 1 g L™
humic acid. This treatment resulted in reductions in
shoot fresh and dry weights as compared to control
plants irrigated with nutrient solution only (Table 1).
Similarly, reductions in leaf growth were observed
when humic acid at 1 g L™ was added to the nutrient
solution of hydroponic maize plants for 4 weeks
although humic acid at 0.1 g L™ and 0.3 g L™
appeared to stimulate growth (not shown). Finally,
rapid reductions in leaf growth rate were induced
within days of adding 1 g L' humic acid to the root
media of hydroponic seedlings. These were not
accompanied by reductions the elongation rates or

the healthy appearance of the primary roots (Table 2).

Typical kinetics of the rapid reductions in transpi-
ration also induced by humic acid addition to the
roots of hydroponic plants are shown in Fig. 1 and the

Table 1 Inhibition of shoot growth of potted maize plants
irrigated with humic acid. Plants were grown in a local clay soil
in 1 L pots with drainage holes at base and sides and the soil
flooded by sub irrigation with 0.1 strength modified Hoagland
solution with or without 1 g L' of humic acid, at 48 h
intervals. Treatment and controls each consisted of three
replicate pots with six plants per pot. After 6 weeks the shoots
were excised at soil level and weighed. Data are means + SE for
individual shoots, n=18. Different letters in columns indicate
significant weight differences at P<0.05 using paired #-test

Shoot fresh weight (g)  Shoot dry weight (g)

16.08+0.30 a
12.90+0.40 b

2.94+0.70 A
2.20+0.06 B

Control

Humic acid
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Table 2 Humic acid in the root media inhibits transpiration
and leaf growth but not root growth. Values are pooled means =+
SE for three similar experiments comprised of five replicate
plants each for transpiration assay, 18-23 replicate plants each
for leaf growth assay and 16 plants each for root growth assay.
Different letters in rows indicate significant differences between
each treatment mean and the control, P<0.05. (Paired #-test)

+ Humic acid Control
Transpiration rate 6.80£0.60b 10.90£1.70a
(mg H,O cm 2 h'h)
Leaf growth rate (mm hh 0.90+0.03b 1.04+0.02a
Root growth rate (mm h™") 2.97+0.13a 2.87+0.14a

pooled rates of transpiration for three replicate experi-
ments are shown in Table 2. These findings suggested
that the presence of humic acid somehow reduced
essential water transport from the root medium to the
shoot thereby reducing transpiration.

In order to determine whether similar levels of
humic acid in soil media might also reduce water
availability to the shoots, potted maize plants were
flood-irrigated with nutrient solution with or without
1 g L' humic acid at 48 h intervals for 7 d, and
irrigation was then stopped. As the soil dried, the
plants previously irrigated with humic acid showed
accelerated onset of drought induced leaf curl by
comparison with control plants (Fig. 2). Leaf curl is a

0.08

0.06

0.04 1

Transpiration (g cm?)

0.024

0.00 C= T T T T
0 50 100 150 200 250

Minutes

Fig. 1 Kinetics of humic acid induced reduction in cumulative
transpiration. Humic acid at 1 g L™' was added to the root
media of intact hydroponic maize seedlings at the 3 leaf stage at
time zero. Control and humic acid treatments are represented by
open and filled squares respectively. Means + SE, n=5
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Fig. 2 Soil humic acid accelerates drought induced leaf curl.
Seedlings were grown in 400 ml pots with 1 seedling per 0.5 kg
of soil. Every 48 h for the first 7 d after shoot emergence, the
five replicate pots in each treatment were flooded by sub
irrigation for 1 h with 0.1 X nutrient solution and then allowed
to drain. Nutrient solution with the addition of humic acid at
1 g L™" was then used to irrigate treated plants for a further 7 d
while control plants continued to receive nutrient solution alone
After14 d, when there were 4 open leaves per plant, irrigation
was stopped. The critical time for the first appearance of leaf
curl symptoms was circa 32 h after cessation of irrigation and
the number of leaves showing onset of drought-induced curling
was then assayed at indicated times. The data are pooled means
+ SE for 3 replicate experiments. Control and humic acid
treatments are indicated by open and filled columns respectively

known symptom of plant water stress. Thus, root
addition of humic acid could reduce transpiration of
plants in hydroponics and accelerate the onset of
water-stress symptoms in plants in a drying soil. The
possibility that humic acid reduced water supply to
the shoot by directly reducing root hydraulic conduc-
tivity was next investigated.

External additions of humic acid reduce the hydraulic
conductivity of excised roots

The assay method described in Materials and methods
allowed simultaneous assays of hydraulic conductivity in
groups of up to 11 excised primary roots with intact tips.
Unless otherwise stated, measurements were completed
within 5 h, while flow through the control roots remained
linear (Asli and Neumann 2009). The kinetics in Fig. 3
show that humic acid perfusion at both 0.3 g L' and
10 g L' caused gradual, time and concentration
dependent reductions in the hydraulic conductivity of
excised maize primary roots, during a 4 h perfusion. Root
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Fig. 3 Kinetics of progressive decreases in root hydraulic
conductivity induced by increases in external concentration and
exposure time to humic acid. A 1 cm length at the cut end of
excised primary roots of maize seedlings was sealed into
capillary tubes and 5 cm of protruding root with intact tip was
immersed in 1 L of 0.1 mM CacCl, with or without humic acid.
Flow through batches of roots sealed separately into 1 L
containers was initiated by applying hydrostatic pressure of
10 KPa. Flow from the cut ends of the roots into the marked
capillaries protruding from the root containers was then
followed at intervals and used to calculate hydraulic conduc-
tivities, as in Materials and methods. Upper and lower lines
represent humic acid concentrations of 0.3 g L' and 1 g L™
respectively in root media. Arrow indicates time of addition of
humic acid. Means + SE, n=9

perfusion with much lower concentrations of humic acid
(10 mg L") for 10 h also produced small but significant
reductions (P=0.05, Student’s ¢ test) in root hydraulic
conductivity, from 133405 m s ' MPa'. 107 for
control roots to 11.9+£0.7 m s ' MPa ", 10 for the roots
with humic acid (pooled means + SE for 3 batches of 9
to 11 roots).

Sigma humic acid derived from an unspecified coal
was routinely used in most of these experiments
because large amounts were involved and sources of
certified humic acid were relatively expensive. Nev-
ertheless, certified humic acids extracted from Leo-
nardite or Pahokee peat, that were purchased from the
International Humic Substances Society (IHSS),
induced reductions in root hydraulic conductivity that
were similar to those induced by the Sigma humic
acid (Table 3). Thus, a 70 min perfusion with the
Sigma humic acid at 1 g L' caused a 44% reduction
in root hydraulic conductivity while both the humic
acids from IHSS caused 33% reductions. The inhib-
itory effect on root hydraulic conductivity of Sigma
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Table 3 Humic acids from different sources similarly reduce
root hydraulic conductivity. Humic acids were obtained from
Sigma Aldrich or as certified sources from the International
Humic Substances Society. Hydraulic conductivities were
based on 40 min of control perfusion with 0.1 mM CaCl,
followed by 70 min perfusion with humic acids at 1 g L' in
0.1 mM CaCl,, and then, 30 min with 0.1 mM CaCl, alone
after humic acid removal. Data are pooled means + SE, from 3
replicate experiments with a total of 23 to 25 roots. Different
letters in columns indicate that treatment means differed from
the appropriate control values at P<0.05 using one way
ANOVA

Root hydraulic conductivity ms ' MPa '. 1077

Pahokee Peat  Leonardite Sigma

Control 14.9+0.7 A 13.4+0.7 a 12.25+1.20 a’

Humic acid 10.0+0.6 B 9.0+£0.6 b 6.88+0.65 b’

Humic acid 10.8+0.6 B 10.3+0.5 b 12.93+£1.28 a’
removed

humic acid was reversed during a 30 min perfusion
with humic acid-free solution whereas reversal of the
inhibitory effects of the other two humic acids was
less complete, presumably because of a greater degree
of humic acid attachment to the roots. However, the
flow inhibitory effects of the Sigma humic acid also
became less reversible after a longer (4 h) perfusion
(not shown). It was concluded that root perfusion with
both Sigma humic acid and certified humic acid from
other sources, could similarly reduce root hydraulic
conductivity.

Mechanisms by which humic acid reduces root
hydraulic conductivity

The hypothesis investigated was that large supra-
molecular colloidal agglomerates of humic acid in
external water sources are carried by mass flow to the
root surfaces of transpiring plants where they reduce
water flow through the tortuous nano-sized pores that
traverse the polysaccharide fiber matrices of the
epidermal cell walls. Several experimental approaches
were used to specifically determine whether aqueous
organic colloids could be retained by root cell walls
and then restrict water passage.

Solutions of polyethylene glycols were first used to
investigate possible relationships between the sizes of
organic molecules in the water supplied to roots and
induced reductions in root hydraulic conductivity.
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Polyethylene glycols (PEG) are water soluble, non-
ionic, organic polymers that are produced in a
range of molecular sizes. PEG 1,000 and PEG
6,000 with mean molecular weights of 1,000 Da
and 6,000 Da respectively, were each supplied
externally to the roots at 1 g L' the highest
concentration of humic acid used in equivalent root
conductivity assays. At this relatively low concen-
tration both types of PEG had negligible osmotic
potential.

PEG 1,000 with a reported molecular diameter of
1.8 nm (Kuga 1981) was expected to readily
traverse root cell walls pores with diameters ranging
from 4 to 8 nm (Asli and Neumann 2009 and
references therein) and had no apparent effects on
the hydraulic conductivity of live roots during
70 min perfusions (Fig. 4 inset). Thus, the PEG
1,000 molecules did not have cell wall-fouling,
osmotic or viscous effects large enough to reduce
water flow through the roots. In contrast, root
perfusion with equivalent solutions of PEG 6,000
(5.4 nm molecular diameter) resulted in progressive
reductions in root hydraulic conductivity (Fig. 4).
The progressive nature of the reductions indicates
that the bulk viscosity of PEG 6,000 was not limiting
flow since high viscosity would have immediate
effects. Instead, these findings suggested that PEG
6,000 and by inference, humic acids, were too large
to readily penetrate the root cell wall matrices; thus,
accumulation could occur at the root surfaces,
thereby reducing water flow.

Perfusion of live roots for 4 h with 1 g L' humic
acid caused reductions in estimated cell wall pore
diameters (Table 4). Perfused roots had a brown
coloration which was retained after rinsing. This
indicated that some humic acid had accumulated on
or in the cell wall pores. Moreover, perfusion with
humic acid of root cell wall ‘ghosts’ obtained by hot
alcohol extraction of live roots (in order to disrupt cell
plasma membranes) also decreased root hydraulic
conductivity. The hydraulic conductivity values for
root ghosts perfused without or with 1 gL ™' humic
acid were 23.7£1.5 m s*' MPa '.1077 and 20.3+
1.6 m s' MPa '.1077 respectively (pooled means +
SE, for 20 to 25 roots from 3 replicate experiments)
and differed significantly (P<0.05 Student’s #-test).
The effective disruption of membrane and cytoplas-
mic barriers by the hot alcohol treatment was reflected
in relatively higher root hydraulic conductivities than
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Fig. 4 Polyethyleneglycol 14

induced decreases in root
hydraulic conductivity are
dependent on molecular
size. Batches of excised
roots were perfused with
PEG 6,000 at 1 g L' in
0.1 mM CaCl, as in
Materials and methods.
Inset shows lack of effect
of smaller PEG 1,000 mol-
ecules at the same concen-
tration. Means + SE, n=7
to 11
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in live roots. Humic acid therefore, appeared to
restrict flow via an interaction with the root cell walls
alone.

Discussion

Mechanisms by which humic acid affects plant
growth

Humic acid is best known for its ability to stimulate
plant growth (e.g. Chen and Aviad 1990; Nardi et al.
2002; Canellas et al. 2002; Arancon et al. 2003, 2006;
Dobbss et al. 2007). However, humic acid at 1 g L™
consistently inhibited the shoot growth of both
hydroponic and soil-grown plants (Tables 1 and 2).
It has been previously suggested that plant growth
reductions by supra-optimal levels of humic acid may
be related to the excessive chemical activity of small
growth regulatory biomolecules released from humic

Table 4 Root treatment with humic acid reduces cell-wall pore
diameters. Following perfusion with humic acid in 0.1 mM
CaCl, for 4 h, roots were rinsed briefly in 0.1 mM CaCl, alone
and assayed for cell-wall pore diameter as in Materials and
methods. Mean + SE for 3 replicate experiments each with 7—
8 roots. Different letters indicate treatment means were
significantly different from control values at P<0.05 using a
paired #-test

Cell wall pore diameter (nm)

6.6+0.2 a
2.840.3 b

Control
Humic acid

T T T T

20 40 60 80
Minutes

100 120 140

acid agglomerates after interactions with organic acids
in the rhizosphere (Piccolo et al. 1996; Canellas et al.
2002; Canellas et al. 2008; Muscolo and Sidari 2009).
In our experiments, humic acid at 1 g L' caused
reductions in maize leaf growth but did not reduce
root growth rate, or the healthy appearance of the
roots, even though the roots were more directly
exposed to humic acid than the leaves. It seems
unlikely that any growth inhibitory levels of chem-
icals released by humic acid into the rhizosphere, or
possible humic acid interference with mineral nutrient
availability caused specific reductions in leaf growth
without similarly affecting the roots. The fact that root
water deficits tend to inhibit leaf growth to a greater
extent than root growth is however, well established
(e.g. Sharp and Davies 1979; Lu and Neumann 1999;
Hsiao and Xu 2000). The involvement of an addi-
tional, physical-mechanism that restricted root water
availability for shoot growth without inhibiting root
growth can therefore be hypothesized.

Four lines of evidence support the hypothesis that the
physical accumulation of supramolecular agglomerates
of humic acid on or in water conducting root cell walls
limited root water transport and thereby restricted shoot
development:-

1. Root perfusion with waters containing humic
acids from 3 different sources consistently
decreased the hydraulic conductivity of live
roots in a concentration and time dependent
manner. In addition, humic acid also reduced
the hydraulic conductivities of hot alcohol
extracted root ghosts. This showed clearly that
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humic acid interactions with cell walls alone
could cause significant decreases in root hydraulic
conductivity.

2. Colloidal suspensions of humic acid can accu-
mulate via electrostatic and Van der Waal
interactions, at the surfaces of synthetic micro
or nano filtration membranes used in water
purification. Formation of cake layers and other
types of pore blockage can then progressively
decrease membrane hydraulic conductivity
(Hong and Elimelech 1997; Yuan and Zydney
2000; Goosen et al. 2004; Lee et al. 2005;
Contreras et al. 2009). These reports illuminate
probable mechanisms by which humic acid
could similarly foul the micro-porous root cell
walls.

3. Humic acid perfusion of excised roots was
shown to cause brown colouration and reduc-
tions in the diameters of root cell wall pores,
indicating that some of the humic acid had
became attached to the cell wall pores. More-
over, reductions in root hydraulic conductivity
induced by humic acid were not completely
reversible, especially after pronged perfusion,
again indicating wall-attachment of the humic
acid.

4. The perfusion of excised roots with solutions of
the water soluble organic polymer PEG 6,000 at
lg L', but not the smaller PEG 1,000, reduced
root hydraulic conductivity, as did the equivalent
concentration of humic acid. PEG 6,000 has a
relatively large molecular diameter (of 5.4 nm)
and its passage across tortuous plant cell wall
pores is restricted (Carpita et al. 1979; Kuga
1981; Chazen et al. 1995). The molecular
weights and diameters of aqueous supra-
molecular agglomerates of humic acid can vary
with the source of the humic acid, the assay
technique used and the ionic status or pH of the
environment. Low values for molecular diame-
ters can be in the 4 nm to 14 nm range and high
values can reach hundreds of nanometers (cf.
Kawahigashi et al. 2005; Sutton and Sposito
2005). Published estimates of plant cell wall
pore diameters range between 4 nm and 8 nm
and the mean value for maize root cell-wall pore
diameters was 6.6 nm. Thus, humic acid in water
taken up by roots should be largely excluded by
root cell walls.
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It therefore appears that a physical accumulation of
humic acid at root cell wall surfaces during water
uptake can lead to the formation of cake layers and
pore blockages that cause physical reductions in root
hydraulic conductivity. In whole plants, induced
reductions in root to shoot water transport have often
been shown to have restrictive effects on shoot
growth (cf. Sharp and Davies 1979; Matyssek et al.
1991; Chazen and Neumann 1994; Lu and Neumann
1999; Hsiao and Xu 2000; Neumann et al. 2010). The
observed reductions in shoot growth, transpiration,
and resistance to soil water deficits that accompanied
root additions of humic acid could therefore result
from the physical reduction of root hydraulic conduc-
tivity. Inorganic colloids had similar effects (Asli and
Neumann 2009; Asli and Neumann unpublished data)
and we suggest the term “colloid stress” to describe
such interactions.

Does colloid stress occur under field conditions?

Soil additions of endogenous humic acid at
1 g L 'were found by us to reduce shoot growth
and water stress resistance in pot experiments.
However, concentrations of humic acid in soil waters
in the field only range from tens to a few hundred
mg L' (Chen and Aviad 1990). Thus, the humic acid
concentrations used by us to characterize flow
inhibitory effects on excised roots (300 to
1,000 mg L") were at the high end of the natural
spectrum. Albeit, a relatively long (10 h) perfusion of
roots with humic acid at the much lower concentra-
tion of 10 mg L™" also caused statistically significant
reductions in root hydraulic conductivity, as com-
pared with humic acid free controls. Moreover, under
natural conditions the colloidal clay particles, bacteria
and other organic polymers in soil waters might also
contribute to reductions in root hydraulic conductiv-
ities (cf. Goosens et al. 2004; Lee et al 2005; Asli and
Neumann 2009). We therefore suggest that in the
field, the extended periods of uptake by transpiring
plants of soil waters containing suspended humic acid
and other colloids are likely to contribute to root
hydraulic limitations.

Plant adaptation or acclimation to colloid stress

Since the water uptake capacity of entire plant root
systems is a function of the total root area available
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for water uptake, plants could in theory act to reduce
colloid stress responses via preferential allocation of
carbon resources to additional root development. For
example, a doubling of root surface area available for
water uptake could compensate for a colloid-induced
halving of the specific hydraulic conductance of
individual roots. Interestingly, humic acids have been
widely reported to stimulate root elongation, root hair
and lateral root production (cf. Canellas et al. 2002;
Zandonadi et al. 2007; Schmidt et al. 2007; Canellas
et al. 2009). In an eco-physiological context, the
diversion of carbon resources towards increased root
production in response to the colloid stress induced
by humates or other colloids could represent a
constitutive plant adaptation or a short term acclima-
tion. However, even if accelerated root production can
minimize reductions in water availability, accompa-
nying limitations in carbon resource availability in the
shoots might still limit shoot growth. Thus, the
interactions between plants and humates involve
complex, time-related chemical, physical and physio-
logical mechanisms that may reduce plant resistance
to water deficits and be associated with either
increases or decreases in shoot growth.

Colloid stress induced by interactions between plants
and humates could have environmental implications of
practical importance. For example, colloid induced
fouling of the roots may limit the benefits associated
with repeatedly applying composts, manures or sewage
sludge that are all rich in humates and other colloids, as
organic soil amendments (Chen and Aviad 1990;
Haynes and Naidu 1998). Moreover, decreased rainfall
as a result of climate change and population driven
increases in urban and industrial freshwater require-
ments can reduce the availability of freshwater for
irrigation-use in agriculture, particularly in arid and
semi arid regions of the world. Irrigation with the
alternative water resources provided by recycled
domestic sewage effluents that are also rich in humates
and other colloids, may similarly lead to eventual root
fouling. This could however, be avoided by further
(tertiary) water-treatment to remove the colloids (cf.
Rebhun and Manka 1971; Tal 2006).

In summary, several lines of evidence indicate that
humic acid in water taken up by plant roots will
accumulate at epidermal cell wall surfaces. Resultant
formation of surface cake layers and partial fouling of
the cell wall pores can then cause reductions in root
hydraulic conductivity, leaf growth, transpiration, and

plant resistance to water deficits. Thus, humic acid is
shown, apparently for the first time, to be able to exert
novel physical effects, in addition to its known
chemical effects on plant development.
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