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ABSTRACT. Previous work suggested a role of reactive oxygen species (ROS) metabolism on branch density,
the statistical distribution of physical distances between branch points along a growing hypha in Neurospora.
Here we report the results of experiments designed to ask more generally about the relationship between ROS
and branch density by examining the branching effects of selected ROS metabolism gene knockout mutants
as well as the impact on branching of exogenously added antioxidants. In all ROS metabolism mutants
tested, growth was shown to branch less densely (hypobranching) when grown at lower temperatures, a shift
not observed in the wild-type. Interestingly, this holds true for knockouts of genes expected to reduce ROS as
well as those expected to produce them. In addition, in tests on wild type Neurospora, added ascorbic acid
produced unusual branching patterns. Hypha exposed to exogenous antioxidants display dose dependent
hypobranching with hypha becoming more hypobranched as doses increase. At higher doses, however, the
branch distribution becomes bimodal with one maximum continuing to shift toward hypobranching and the
second maximum representing a spike of very closely spaced branch points.
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INTRODUCTION

Growth in filamentous fungi proceeds via the
continuously extending tip of a hypha which
sends off periodic branches which are capable
of extension and branching. Tip growth results
from the polarized flow and exocytosis of ‘tip
growth’ vesicles at the apex of the growing tip
(Heath et al. 1971; Katz et al. 1972; Trinci
1974; Steinberg 2007; Riquelme et al. 2011);
however, the role of these vesicles in the
control of branching is unclear. The genetic sys-
tem underlying tip growth and branching is
complex. Studies on the epistasis of morpholog-
ical mutants have revealed a complex range of
interactions (Gavric & Griffiths 2003). Previous
studies of tip growth and branching have includ-
ed statistical/mathematical modeling studies of
branching patterns (Prosser 1995; Watters et al.
2000b; Davidson 2007) and visualization of sys-
tem components (Riquelme & Bartnicki-Garcia
2004; Mouriño-Pérez et al. 2006; Riquelme et al.
2007). Genetic approaches to understanding tip
growth and branching have proven fruitful,

including the analysis of suppressors of classical
mutations (Plamann et al. 1994; Minke et al.
1999), broad screens for new mutants (Seiler
& Plamann 2003), making use of established
paradigms from yeast budding (Momany 2002;
Harris & Momany 2003; Knechtle et al. 2003;
Harris et al. 2005), and the cloning and charac-
terization of classical morphological mutations.

It has been suggested that branching is
induced when the concentration of tip-growth
vesicles reaches a critical density at the apex
(Trinci 1974). Although several studies have pre-
sented results that are consistent with this hy-
pothesis (Katz et al. 1972; Trinci 1974; Watters
& Griffiths 2001), none demonstrate it defini-
tively. The results presented by these previous
studies, in fact, are entirely consistent with
the possibility that branching is triggered by
the accumulation of some other undefined factor
(other than tip-growth vesicles) associated with
tip growth. The experiments described below
were designed to begin to explore the possibility
that the triggering factor was the accumulation
of reactive oxygen in the hypha.

The observation of a temporary response to
growth rate shifts followed by a return to normal
branch density (Watters et al. 2000a; Watters &
Griffiths 2001; Watters 2013) supported the
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hypothesis that tip growth and branching are
connected, but that this connection is compen-
sated for in the wild-type, resulting in a con‐
sistent branch density. Thus, it was proposed
(Watters & Griffiths 2001) that Neurospora
morphology was controlled, in part, by a homeo-
static system responsible for branch initiation.
This system compensates for growth rate and
is responsible for the maintenance of a constant
branch density under a wide range of growth
conditions (Watters & Griffiths 2001).

Mutations which appear to affect the pro-
posed growth rate/branch density compensation
system have been identified among both older
Neurospora mutants (Watters et al. 2008) as
well as among the current knockout library
(Watters et al. 2011). Among the gene knock-
outs seen to affect the previously proposed
growth rate/branch density compensation sys-
tem were two (catalases) involved in the metab-
olism of reactive oxygen species (ROS). ROS
are highly reactive molecules, commonly gener-
ated in biological organisms as a byproduct of
normal oxygen metabolism. ROS production
typically increases in fungi due to various stres-
ses (reviewed by Gessler et al. 2007). Reactive
oxygen species have been found to play a role

in sexual and asexual development as well as
hyphal growth in fungi (Cano-Dominguez
et al. 2008; Semighini & Harris 2008). Reactive
oxygen species have also been linked to develop-
mental determination in a broad range of
organisms (Finkel 2003; Foreman et al. 2003;
Lambeth 2004; Aguirre et al. 2005; Carol &
Dolan 2006). The relationship between cold
stress and ROS has been studied extensively in
plants, where there appears to be a multi-step
response to exposure to cold where the plant
initially experiences an increase in the produc-
tion of ROS, and damage associated with that
increase, followed by an increase in the produc-
tion of antioxidants which counter that initial
increase allowing the plant to better acclimatize
to the cold (Beck et al. 2007, Airaki et al. 2012,
Miura et al. 2012). The observation that ROS
control was playing a role in branching, suggests
the possibility that the accumulation of ROS
could be the trigger for branch initiation. The
experiments reported here were designed to test
that hypothesis.

We report here on an expansion of our earlier
study (Watters et al. 2011) that examined the
Neurospora knockout library (Colot et al. 2006)
for mutants with defects in the maintenance of

Table 1.—ROS control mutants result in growth rate sensitive branching not seen in wild-type Neurospora.
N values for the comparison varied between samples. Typical N values were roughly 200 branch lengths at
each of the two temperatures. Reported are the means ¡ standard deviation of the distribution of distances
between branch points for each strain under the two temperatures tested. Also reported are P values for a T-test
comparing branching at the two temperatures. As with previous studies, wild-type shows no significant
difference in branching between the two conditions. All tested ROS metabolism mutants however show
significant differences (below p 5 1%) between branching under the two conditions. The ROS metabolism
mutants’ branching, while typically close to wild-type at 33u C, show a strong shift toward much longer than
normal branching when grown at 10u C.

Accession # Disrupted gene
Branching (mm) at 33u C

(Mean ¡ SD)
Branching (mm) at 10u C

(Mean ¡ SD)
P value 33u C

vs 10u C

Wild-type 155 ¡ 104 169 ¡ 136 0.21
NCU08791 catalase-1 140 ¡ 87 239 ¡ 132 5.1 6 10−12

NCU05770 catalase-2 155 ¡ 134 254 ¡ 174 1.5 6 10−11

NCU00355 catalase-3 159 ¡ 109 257 ¡ 135 1.7 6 10−9

NCU05169 catalase-4 169 ¡ 109 268 ¡ 175 4.2 6 10−13

NCU02110 NADPH oxidase-1 197 ¡ 132 239 ¡ 149 2 6 10−3

NCU10775 NADPH oxidase-2 169 ¡ 131 239 ¡ 154 3.6 6 10−7

NCU07850 NADP oxidase
regulator-1 140 ¡ 89 239 ¡ 156 4 6 10−17

NCU02133 superoxide dismutase-1 154 ¡ 136 211 ¡ 112 5.1 6 10−7

NCU01213 superoxide dismutase-2 155 ¡ 140 211 ¡ 123 2.4 6 10−7

NCU07386 Fe superoxide dismutase 155 ¡ 117 254 ¡ 142 5.8 6 10−14

NCU07851 superoxide dismutase 1
copper chaperone 113 ¡ 62 211 ¡ 134 1.3 6 10−28

NCU09560 superoxide dismutase 183 ¡ 112 225 ¡ 148 4.6 6 10−5
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branch density at different rates of growth. We
expanded on the previous study by closely exam-
ining mutations in a wide variety of genes known
to be important to ROS metabolism for their
effects on branch density homeostasis. In addi-
tion, the effect on branching of exposure to the
water soluble antioxidants ascorbic acid and glu-
tathione were examined. Both lines of study
point to a relationship between ROS control
and branching in Neurospora. These also repre-
sent the first report of sustained hypobranching
in Neurospora.

MATERIALS AND METHODS

Strains and media.—A library of knockout
strains containing disruptions in presumptive

genes has been constructed (Colot et al. 2006).
Strains from this library are available from the
Fungal Genetics Stock Center (McCluskey
2003). Our attention for this study was focused
on a group of selected strains with knockouts
in genes (listed in Table 1) related to the metab-
olism of reactive oxygen species. Vogel’s media
and culturing procedures were those described
in Davis & deSerres (1970). Water soluble anti-
oxidants ascorbic acid and glutathione as well as
lipid soluble antioxidants beta-carotene and al-
pha-tocopherol were independently added to
media.

The accession numbers listed in Table 1 repre-
sent the locus number of the gene subject to in-
activation in the knockout strain under test.

Figure 1.—Wild-Type at 33u C and 10u C. In wild-type Neurospora, branch density is kept constant during a
wide range of growth conditions, including temperature variation. Scale bar 5 100 mm.

Figure 2.—Cat-4 at 33u C and 10u C. The ROS metabolism mutants tested (cat-4 shown, others similar)
responded to differences in incubation temperature. In all cases, the branch density at reduced incubation
temperatures (10u C) was significantly hypobranched relative to growth at 33u C. Scale bar 5 100 mm.
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Every annotated gene in Neurospora crassa has
been assigned a locus number of the form
NCU#### by the Broad Institute. The gene
functions associated with the knockout strains
reported in Table 1 are based solely on the anno-
tations currently associated with those strains
and have not been independently confirmed by
the authors of this study. The functions reported
are those associated with the genes as annotated
on the Broad Institute’s Neurospora crassa data-
base: http://www.broadinstitute.org/annotation/
genome/neurospora/MultiHome.html.

Photomicroscopy.—Growing cultures were
examined and photographed using a Diagnostic
Instruments, Inc. SPOT RTke digital camera at-
tached to an Olympus BH-2 microscope. Photo-
graphs were taken of well separated, leading

hyphae in order to determine the branch density
(distances between branch points along hyphae
as they extend). Photos were used to measure dis-
tances between branch points. Measurements of
distances between branch points were collected
into databases of several hundred individual dis-
tances for statistical comparison of branching at
different growth conditions. Growth at 33u C
was photographed after 24 hrs growth. Growth
at 10u C was photographed after seven days
growth in order to allow sufficient growth
to measure. This is the same procedure used pre-
viously (Watters et al. 2011)

Statistical comparison of branch density.—
Comparison of branch density followed the pro-
cedure used previously (Watters et al. 2000a;
Watters & Griffiths 2001; Watters et al. 2011).

Figure 3.—Influence of ascorbic acid on branch density. Exposure to ascorbic acid at 33u C causes a dose
dependent shift to hypobranching. At sufficiently high concentrations, however, a shift to frequent, very tight
branching with some wider spaced branching is observed. Shown are curves of frequencies of branch interval
lengths at 0, 2, 3 and 3.6 mg/ml ascorbic acid (AA). Sample sizes are 608, 413, 606 and 602 branch intervals,
respectively.
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Measurements of the distance between branch
points were made by measuring directly off
photographs of growth and converting these
lengths to distances on the plate. These measure-
ments were then used to build a dataset of
lengths between branch points. N values for the
comparison varied between samples. Typical N
values were roughly 200 branch lengths at each
of the two temperatures. The resulting distribu-
tions were compared and analyzed using the
Student’s t-test.

RESULTS

Wild strains and strains with knockouts of se-
lected genes involved in the metabolism of ROS
in Neurospora were grown on minimal media at
both 33u C and 10u C. As with previous studies
(Watters et al. 2000a; Watters and Griffiths
2001; Watters 2013), wild-type strains showed
no significant difference in branching between

the two temperatures (Fig. 1; Table 1). All tested
ROS metabolism mutants, however, showed
significant differences (below p 5 1%) between
branching under the two conditions (Fig. 2;
Table 1). The ROS metabolism mutants’
branching, while typically close to wild-type at
33u C, show a strong shift toward much longer
than normal branching when grown at 10u C.
In fact, statistically longer inter-branch distances
(i.e., hypobranching) were seen in every ROS
mutant tested compared with wild-types. For
every ROS metabolism mutant tested however,
the results were similar, regardless of the
mutant’s predicted impact on ROS levels.

In addition to the tests of the influence of
ROS on branching, we examined the effect of
the addition of reducing agents (antioxidants)
to the media. At modest concentrations (0.04
to 2.0 mg/ml) of added ascorbic acid, the distri-
bution of inter-branch intervals shifted toward

Figure 4.—Altered morphology induced by high doses of antioxidants. Branching variation induced in wild
type Neurospora by exposure to 3 mg/ml ascorbic acid. The altered branching displays a combination of
regions of very tightly spaced lateral branches separated by regions of longer than normally spaced branches.
Scale bar 5 100 mm.
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longer distances (Fig. 3). At larger concentra-
tions (.3.0 mg/ml), however, a new effect was
observed. A “spike” of very short (10–20 mm)
inter-branch distances begins to be observed.
Past 3.0 mg/ml ascorbic acid, the frequency of
the very short branches which form the spike
increased with increasing dose of ascorbic acid.
A representative photograph showing the mor-
phology resulting from high-dose antioxidant
exposure is shown in Fig. 4. In order to track
the impact of antioxidant exposure beyond
the high-dose spike, we deleted the shortest
branches from each dataset, calculated the
mean of the remaining inter-branch distance
measurements and plotted these means against
the concentration of ascorbic acid they were
subjected to, resulting in Fig. 5. This shows
a clear dose-dependent shift toward longer in-
ter-branch distances as the dose of ascorbic
acid in the media was increased.

DISCUSSION

Reactive Oxygen Species (ROS) have been
linked to developmental determination in a
broad range of organisms (Finkel 2003; Lambeth
2004; Aguirre et al. 2005; Carol & Dolan 2006).
In Neurospora, reactive oxygen species play
a role in sexual and asexual development
as well as hyphal growth (Cano-Dominguez
et al. 2008). This current study further explored
a relationship between ROSmetabolism, growth
rate, and branch density previously suggested in
Neurospora (Watters et al. 2011). This relation-
ship remained masked in the wild-type and
under standard growth conditions due to a
homeostatic system which compensates for
diverse growth rates to produce a consistent
branch density. The mutants thus identified in
this study may prove useful in the further explo-
ration of the branch density homeostasis system

Figure 5.—Progressive shift toward hypobranching induced by increasing ascorbic acid concentration in
media. Hypobranching induced by antioxidants is dose dependent. Increasing ascorbic acid in the medium
leads to stronger hypobranching until the critical concentration, causing more serious disruptions, is reached.
Each point on the curve is the mean of a branch distribution curve (as above) and represents the mean of
between 400 and 650 branch intervals. For this curve, the smallest branch intervals have been eliminated in
order to remove the impact of the spike of tightly spaced lateral branches and focus solely on the behavior of
the more substantial portion of the branch distribution curves. Displayed is the response of wild-type
Neurospora grown at 33u C.
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as well as the general relationship between tip
growth and branching.

The observation that branching responds to
exogenous antioxidant (ascorbic acid) exposure
provides additional evidence of the role of
ROS in branching control. The added ascorbic
acid resulted in a dose-dependent shift toward
hypobranching. This response becomes complex
at higher concentrations, however, as more
extreme hypobranching is induced as well as
a spike of hyperbranched growth. Similar results
were seen with glutathione (data not shown).
Exposure to lipid-soluble antioxidants (beta-
carotene and alpha-tocopherol) had no detect-
able impact on branching (data not shown).

Mutations or certain environmental condi-
tions which result in hypobranching are rare.
Hypha from germinating ascospores or conidia
in the mutant ipa are reported (Perkins et al.
2001) to branch less frequently, but quickly re-
vert to normal branch density. The morpholog-
ical response to cold shock (Watters et al.
2000a) includes a brief hypobranched phase,
but that is followed by tightly spaced apical
branching and a subsequent return to normal
branch density. The response of growing tips
to hyphal damage (Watters & Griffiths 2001)
likewise includes a hypobranching component,
but the response is transient, and branch density
rapidly returns to normal. In Aspergillus, the
temperature sensitive ahbA1 mutant was
reported (Lin & Momany 2004) to result in
hypobranching at the restrictive temperature,
but continued incubation of the mutant under
those conditions proved lethal. In contrast to
hyperbranching, hypobranching appears to be
rare and unstable. This report marks the first
observation of sustained hypobranching.

The results observed are difficult to interpret
in the context of the proposed hypothesis that
ROS concentration at the tip serves as the
appropriate trigger for branch formation. This
hypothesis would have predicted that mutants
that result in decreased ROS concentrations
(NADPH oxidase-1, -2, and NADP oxidase
regulator-1 in Table 1) would display hypo-
branching while those which cause increased
ROS concentrations (remaining mutants tested)
would display hyperbranching. What is observed
is that both cause hypobranching under slow
growth conditions. Furthermore, the hypothesis
would predict that exogenous antioxidants
would also cause hypobranching. While this is
observed to be the case, in some extreme

concentrations they also cause hyperbranching
at the same time. These interesting and seeming-
ly contradictory results suggest that the relation-
ship between ROS and branching is complex.
This relationship could be explored further in
future using ROS sensitive dyes in actively
growing and branching hypha.
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